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Abstract 

Martins, J.P., 2021. Neonatal Fc receptor-targeted nanoparticles for oral delivery 
of anti-diabetic drugs 
 
Dissertationes Scholae Doctoralis Ad Sanitatem Investigandam Universitatis Helsinkiensis, 74/2021, pp. 97 
ISBN 978-951-51-7764-3 (print), ISBN 978-951-51-7765-0 (online, http://ethesis.helsinki.fi), ISSN 2342-3161 (print), 
ISSN 2342-317X (online) 
 
Managing a chronic disease throughout the lifetime is an enormous challenge, and diabetes 
mellitus (DM) is no exception. For the time being, DM cannot be cured but only managed, if 
and when appropriately diagnosed. However, the vast majority of the currently available 
glucose-lowering interventions provide diabetic patients with only invasive and distressing 
treatment opportunities, and an undeniably poor compliance to the therapy. Therefore, it is of 
utmost importance to develop alternative treatment modalities. Success in the oral delivery of 
anti-diabetic proteins and peptides could represent a paradigm shift in the management of DM 
and improve the quality of life of millions of patients. Over the years, nanoparticles (NPs) 
emerged with great potential to carry and deliver drugs in a precisely tuned and controllable 
manner. Moreover, nanocarrier systems aimed at oral drug delivery have demonstrated the 
ability to overcome a variety of biochemical, physical, and mechanical barriers that are intrinsic 
to the physiological functioning of gastrointestinal tract (GIT). Yet, drug absorption at the 
intestinal microenvironment is still severely mitigated due to the presence of the tightly 
organized and restrictive cellular barrier of the intestinal epithelium. The exploration of the 
mechanisms by which molecules presented in the lumen can be naturally transported into the 
blood circulation has recently drawn attention to the neonatal Fc receptor (FcRn). FcRn is a 
membrane receptor responsible for maintaining the homeostasis of immunoglobulin G (IgG) 
and albumin, via mechanisms of recycling and transcytosis. Hence, NPs functionalized with 
FcRn-targeting ligands could hijack the FcRn transport pathway to promote the transport of 
drugs across the intestinal cell wall. Therefore, the main aim of this dissertation was to design 
and develop different FcRn-targeted NPs for efficient oral anti-diabetic drug delivery. Porous 
silicon (PSi) NPs were used as core drug carriers due to the unprecedented advantages shown 
as drug nanocarriers. Recombinant human insulin and GLP-1 were loaded into the PSi NPs 
as model anti-diabetic peptides. Drug-loaded PSi NPs were further encapsulated into different 
pH-responsive polymers (hypromellose acetate succinate and lignin), via different preparation 
techniques (emulsification-evaporation, microfluidics and desolvation). The surface of the NPs 
was functionalized with either albumin or the Fc portion of IgG, to investigate the underexplored 
potential of the FcRn in increasing the intestinal absorption of orally administered drug-loaded 
NPs. Overall, the developed NP formulations showed a small size and narrow size distribution. 
Microscopy images showed the successful encapsulation of the NPs into the pH-sensitive 
polymeric matrices. Moreover, these pH-responsive matrices remained intact in acidic 
conditions, dissolving only at specific pH conditions, thereby enabling the controlled release of 
the drugs. When functionalized with FcRn-targeting ligands, the NPs presented high 
cytocompatibility and increased levels of interaction with intestinal cells, in which the FcRn 
expression was also confirmed. Also importantly, the targeted NPs showed augmented drug 
permeability across in vitro intestinal models. Hence, this dissertation provides new insights 
on the design and development of FcRn-targeted NPs, which emerge as a toolbox to explore 
the potential of the FcRn transcytotic capacity for oral anti-diabetic drug delivery. 
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1   Introduction 

One of the major limitations of diabetes mellitus (DM) management is the need for the lifelong 
use of subcutaneous injections.1 Syringes, pens, pumps and jet injectors, among other 
invasive methods, dominate the DM therapeutic landscape as means to administer anti-
diabetic drugs.2,3 These methods provide diabetic patients with invasive and distressing 
treatment opportunities, and an undeniably poor compliance to the therapy.1 Hence, the 
administration of anti-diabetic proteins and peptides as an oral dosage form could drastically 
improve the life of diabetic patients as an easy-to-use, effective and affordable alternative to 
their parenteral injections.4 

Oral delivery is the most convenient and preferred form of drug administration.5 Despite 
being overall easy to handle, as it resembles the endogenous physiological pathways, oral 
drug delivery is non-invasive, and therefore, also painless.6 The nature of the DM disease and, 
in many cases, the need for multiple injections per day further underline the importance of 
developing non-invasive treatment modalities. Moreover, an oral dosage form for diabetes 
would avoid the direct involvement of healthcare professionals, reduce the manufacturing 
costs inherent to the production of sterile injectable products, and the waste generated from 
single-use disposable syringes and needles.7,8 However, oral delivery is not yet a suitably 
available option when it comes to the management of diabetes.6 

The Food and Drug Administration (FDA) approved drugs for DM management include the 
gold standard insulin and a number of glucagon like peptide-1 (GLP-1) receptor agonists (GLP-
1 analogs).1 However, proteins and peptides like insulin or GLP-1 do not typically survive the 
harsh conditions of the gastrointestinal tract (GIT). Indeed, the GIT poses a variety of 
shortcomings to the oral intake of drug molecules, as they become exposed to biochemical, 
physical and mechanical barriers, which are intrinsic to its main physiological roles.9 Overall, 
the proteolytic environment of the stomach, together with the presence of mucus and a tight 
network of epithelial cells result in limited drug absorption at the intestine and, consequently, 
in a prohibitively low oral bioavailability.5,10 Overcoming these limitations depends on the 
development of therapeutic strategies capable of simultaneously preventing drugs from 
degradation in the stomach and enhancing their absorption across the small intestine.6  

Over the years, many orally administered drugs have been formulated with an enteric 
coating, which consists of a polymeric layer with pH-responsive properties.6 This coating is 
stable at acidic pH values, protecting the pharmaceutical compound in the stomach, then 
breaking down at the more alkaline pH conditions found in the small intestine, allowing the 
drug to be released. As the drug gets accessible, it can either exert its therapeutic effect directly 
in the intestine, or get absorbed and transported across the intestine into the bloodstream.6 
Alternatively, the physicochemical nature of many proteins and peptides aimed to be orally 
administered has been modified to render them with a minimum level of hydrophobicity, which 
is needed for the molecules to be transcellularly absorbed, to improve their solubility and/or to 
offer protection and stability against enzymatic degradation.11 Improved drug absorption in the 
small intestine has also been attempted by the use of permeation enhancers, which are aimed 
at the manipulation of the cell membrane permeability or conformation of the tight junctions to 
enhance transepithelial drug absorption.12,13 Nonetheless, the poor bioavailability issue 
remains to be successfully tackled, and the oral administration of many pharmaceutical 
compounds, particularly anti-diabetic proteins and peptides, is still far from being a reality. 

One of the most promising strategies to overcome the physiological barriers that are 
hindering the progress of orally deliverable anti-diabetic peptide drugs is the use of 
nanotechnology for medical applications, i.e., nanomedicine.14 Armed with an increased 
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understanding in the fields of drug delivery and materials science, the advent of nanomedicine 
has fostered the development of nanoparticles (NPs) and micrometer-sized particles as 
delivery agents for therapeutic compounds, in a precisely tuned and controlled manner.15 Since 
the 1990s, the opportunity to use nanoscale materials for diagnostic and therapeutic purposes 
has led to the exploration of a vast number of particulate carrier systems, modularly assembled 
from different materials, such as lipids, polymers, silicon, gold and carbon, among others,16 
produced from a variety of fabrication methods and techniques, including 
coacervation/desolvation, emulsion/solvent extraction, solvent precipitation, dialysis, and 
microfluidics.15,17 

After several years of investigation, nanotechnology-based particulate carrier systems are 
already being produced under precise control of their size, morphology and surface properties, 
to address, in multiple ways, the weaknesses of conventional therapies.18 In the case of oral 
drug delivery, nanocarrier systems have demonstrated to be able to protect drugs from the 
hostile stomach conditions, to enhance drug stability throughout the GIT, and to improve drug 
transport across the mucus layer that protects the intestinal epithelium from foreign particulates 
and pathogens.19 However, the intestinal epithelium itself still represents an ultimate barrier for 
orally administered nanoparticulate drug carriers. The exploration of the mechanisms by which 
molecules presented in the lumen can be naturally transported into the blood circulation has 
recently drawn attention to the neonatal Fc receptor (FcRn)-mediated transcytosis as a 
potential strategy to foster the passage of nanocarriers across the intestinal epithelium.20 

The FcRn is a membrane protein expressed on the surface of the intestinal epithelial cells, 
working as a dual-binding receptor for immunoglobulin G (IgG) and albumin.21 It enables the 
intracellular trafficking of these molecules, protecting them from catabolic degradation by 
endocytic salvage, according to pH-dependent recycling and transcytotic mechanisms.20 
Additionally, it has been shown that, once reaching the mildly acidic pH of the intestinal lumen, 
substances containing the Fc portion of IgG or albumin bind to FcRn at the apical surface of 
epithelial cells.22-24 They are then transcytosed and released into the underlying extracellular 
space, where a physiological pH is found.23 As the FcRn effectively diverts IgG and albumin 
from a degradative fate inside the lysosomes while transporting them across the cells, drug 
nanocarrier systems functionalized with the Fc portion of IgG and/or albumin could hijack the 
FcRn transport pathway to promote the transport of drugs across the intestinal epithelium, thus 
breaking barriers on the current limitations of oral drug delivery. 

This dissertation focuses on the design and development of different porous silicon (PSi) 
NPs loaded with anti-diabetic drugs, and further surface functionalized with FcRn targeting 
ligands. PSi NPs have shown unprecedented advantages as drug carriers, such as high 
loading capacity, tunable surface properties, biocompatibility and biodegradability.25 Human 
recombinant insulin and GLP-1 were used as model anti-diabetic drugs, and loaded into the 
PSi NPs. Hypromellose acetate succinate and lignin, two biocompatible polymers,26,27 were 
used to render the formulations with pH-sensitive capacity, protecting the drugs from the harsh 
stomach conditions and releasing them at the pH conditions found in the small intestine and 
blood circulation, respectively. The Fc portion of IgG and albumin were used as targeting 
ligands to study the efficacy of the underexplored FcRn transcytotic capacity in increasing the 
intestinal absorption of orally administered drugs.21 The physicochemical properties of the 
different NPs were extensively characterized by a variety of up-to-date techniques. The 
expression of the FcRn in in vitro models was evaluated, as well as the capacity of FcRn-
targeted NPs to deliver anti-diabetic drugs in in vitro cell culture models. Altogether, these 
nanocarrier platforms represent a step forward in the development of a non-invasive, painless 
and patient compliant diabetes therapy. 
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2   Literature review  

2.1   Diabetes mellitus 
The term diabetes mellitus (DM) is used to describe a group of metabolic disorders of different 
etiology, characterized by chronic hyperglycemia, i.e., elevated levels of glucose in the blood.28 
In short, DM results from malfunctions in the body in terms of insulin secretion, insulin action, 
or both.29 Insulin is a hormone produced by the pancreas, whose role is to allow glucose from 
the eaten food to pass from the bloodstream into the cells to produce energy.30 Deficient insulin 
secretion and/or action prevents glucose from entering the cells, thus accumulating in the 
blood circulation instead. While the exact reasons for these malfunctions remain yet to be fully 
understood, it is known that genetic and environmental factors play a key role in the onset of 
the disease.29 Deficient insulin secretion and diminished response to insulin action often 
coexist in diabetic patients. However, it is still uncertain which disturbance, if either alone, is 
the primary cause of hyperglycemia.29 

Whereas some diabetic patients can be asymptomatic,31 patients with marked 
hyperglycemia can experience polyuria (abnormally large production of urine), polydipsia 
(abnormal thirst), polyphagia (excessive eating or appetite), weight loss, and blurred vision.32,33 
A prolonged and uncontrolled shortage of insulin in the body can lead to acute and life-
threatening conditions, such as ketoacidosis, which causes the blood to become acidic, or a 
hyperosmolar hyperglycemic state, in which the body passes the excess sugar into the urine.33 
These conditions can, in turn, lead to stupor, coma, seizures or even death. In the long run, 
diabetes-associated complications also include kidney failure, cardiovascular diseases, 
hypertension, lower limb amputation, blindness and nerve damage.28,34 

According to the International Diabetes Federation, in 2019, approximately 463 million 
adults were living with diabetes worldwide, and an estimated 4.2 million deaths have been 
directly caused by diabetes.35 By 2045, the number of patients is expected to rise to 700 million. 
In Finland, there are currently about 450,000 diabetic patients, and an estimated number of 
50,000 undiagnosed cases.36 In a population of 5.5 million, these numbers suggest that 
approximately 1 out of 10 has diabetes. Consequently, diabetes affects not only individuals but 
also the people around them, having thus tremendous social and economic consequences. 

According to the etiological classification recommended by the World Health Organization, 
diabetes includes two main forms: type 1 diabetes mellitus (T1DM) and type 2 diabetes mellitus 
(T2DM).28 Other forms of diabetes include gestational diabetes (developed in women during 
pregnancy), and several specific types such as diabetes caused by genetic defects of β-cell 
function, genetic defects in insulin action, diseases of the exocrine pancreas, endocrinopathies, 
drug- or chemical-induced and infection-induced diabetes, uncommon forms of immune-
mediated diabetes (e.g., “stiff-man” syndrome and anti-insulin receptor antibodies), and 
diabetes associated with other genetic syndromes (e.g., Down syndrome and Wolfram 
syndrome).28,33 The following sections focus on the characteristics and current treatments for 
type 1 and type 2 DM. 
 
2.1.1   Type 1 and type 2 diabetes mellitus 

After eating, as a response to the increasing levels of glucose, the pancreas of a healthy 
individual starts producing and releasing insulin into the bloodstream. Once in the blood, insulin 
acts as a chemical messenger, and binds to its specific receptors on the surface of target cells, 
to set in motion processes of glucose absorption via glucose transporters (Figure 1). However, 
in type 1 and type 2 DM patients, these mechanisms are severely disrupted.  
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T1DM, previously described as insulin-dependent diabetes, juvenile or childhood-onset 
diabetes, affects around 10% of all diabetic patients.37,38 It is characterized by the autoimmune 
destruction of the β-cells of the pancreatic islets, and leads to a deficient or absolute loss of 
the body’s capacity to produce insulin.29 As there is no insulin in the blood, there is also no 
signaling of the insulin receptors on the target cells and, consequently, no glucose absorption
(Figure 1). The current knowledge is insufficient to know the cause of such abnormality and 
to efficiently prevent the disease. Yet, it is already known that β-cell destruction is often 
primarily mediated by T-cells, and progresses at a variable rate.29,33 The onset of the symptoms 
usually happens when 90% of pancreatic cells are already destroyed.33 To compensate the
deficient insulin production, T1DM patients must regularly inject themselves with exogenous 
insulin.37,38

T2DM, formerly known as non-insulin-dependent or adult-onset, is the most commonly 
observed type of diabetes, and accounts for about 90% of all cases.39 It is characterized by 
the so-called insulin resistance. In this case, the body does not fully respond to insulin, leading 
to the accumulation of glucose in the blood, and to the excessive insulin production (Figure
1).39 Over time, the exhaustive insulin production has deleterious effects on the pancreas, 
eventually leading to a declining capacity of the organ to produce the hormone. Hence, T2DM
abnormalities range from (i) insulin resistance with relative insulin deficiency to (ii) insulin 
secretion defects, with or without resistance.33

T2DM is largely caused by the lack of physical activity and excessive body weight.37

Despite being more frequent in adults, it starts to be increasingly observed also in children.37

The symptoms of T2DM are, to some extent, similar to those observed in T1DM, however, less 
marked. For this reason, the diagnosis of the disease often occurs several years after the onset, 
when a number of associated complications have already arisen.37 Managing T2DM requires 
a healthy diet, physical exercise and a healthy body weight. In the long-term, T2DM patients 
may need medication to help controlling blood glucose levels.39

Figure 1. Normal blood glucose levels vs. T1DM and T2DM. In a healthy individual, after a meal, insulin is
produced and released from the pancreas into the bloodstream. While in circulation, insulin binds to specific 
receptors on the surface of target cells to promote the absorption of glucose via specific glucose transporters. In
T1DM this mechanism is disrupted by the deficient or absolute loss of the body’s capacity to produce insulin, and
in T2DM by the body’s failure to respond to the insulin signaling, resulting, in both cases, in increased blood glucose 
levels, i.e., hyperglycemia. Image created using Servier Medical Art (Creative Commons - Attribution 3.0 Unported
- CC BY 3.0)
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2.1.2   Current treatment modalities 

As far as the current knowledge allows, diabetes cannot be cured but only managed, if and 
when appropriately diagnosed. Yet, managing a chronic disease throughout the lifetime is not 
forthright, and diabetes is no exception. A person’s self-care ability to handle DM demands 
appropriate education, regular monitoring of the blood glucose levels, medical support, 
financial resources and an overall healthy lifestyle.40 Amidst such complex process of 
managing the disease, millions of diabetic patients also require insulin and other diabetes 
medications to regain ability to metabolize glucose. Timing and size of the dose are crucial for 
an effective response to the body’s deficient insulin production.40  

There are over ten classes of anti-diabetic drugs currently in use, and many more under 
development.4 The most commonly used are insulin and GLP-1 analogs. Other diabetes 
medications, which will not be dealt here in detail, include biguanides (e.g., metformin), 
sulfonylureas, dipeptidyl peptidase 4 inhibitors (iDPP-4), and thiazolidinediones (TZDs).4 
However, no therapy other than insulin can be continuously administered with increasing 
biological effects, and therefore, once the targeted glucose levels stop being met, non-insulin 
therapies must be switched or used in combination.4 Table 1 summarizes the most commonly 
used anti-diabetic drugs and drug classes, their benefits and limitations. 
 
2.1.2.1   Insulin 

Insulin, from the Latin “insula” (“island”) was first discovered by Frederick G. Banting and 
Charles H. Best in 1921.41 It is now a centenary drug, but yet ranking among the leading 
triumphs of medical discoveries.42 Insulin is a heterodimeric polypeptide (5,808 Da) produced 
by the β-cells of the pancreatic islets of Langerhans, in which two amino acid chains (A and B) 
are connected by three disulfide bonds (Figure 2a).41 

According to the onset of action, duration and peak of effect, five categories of insulin are 
widely used: regular insulin, rapid-acting analogs, basal analogs, neutral protamine Hagedorn 
(NHP) and premixed insulin products (Table 1).4 Despite being unable to produce it, T1DM 
patients do not lose insulin sensitivity and, therefore, the administration of small doses of 
exogenous insulin has proven to be the most effective way of managing the disease.43 
Alongside the progressive destruction of β-cells, these patients eventually become dependent 
on exogenous insulin for survival. T2DM patients can often be treated with other medications. 
However, the preexisting insulin resistance and the increasing relative insulin deficiency lead 
to the need for high and gradual upward titrations of insulin doses.43 Hence, approximately 25% 
of diabetic patients end up needing insulin treatment.44 

To date, insulin administration is mostly an invasive process, consisting on subcutaneous 
injections via syringes, pumps, pens or jet injectors.45 As a result of needle phobia and the 
associated pain, up to 33% of diabetic patients report feelings of anxiety when pursuing the 
therapy, and 45-60% report intentionally omitting one or more doses.44,46,47 Since the 
appropriate adherence to the therapy is a major element in good glycemic control, the patient’s 
emotional well-being and perception of the medication, together with its complexity and costs, 
impact negatively the daily living of individuals and may aggravate the evolution of the disease. 

In 2006, Exubera® (by Pfizer) became the first inhaled insulin product to be ever marketed. 
However, the product was discontinued one year later, as sales were far below initial 
expectations.48 At that time, other companies were investing on similar products, but which 
were equally discontinued as investors decided to withdraw funding.49 Nonetheless, in 2014, 
Afrezza® (by Mannkind Corporation) was approved by the FDA, becoming the only ultra-rapid 
acting inhaled dry powder insulin currently available for patients with T1DM or T2DM.50 
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2.1.2.2   Glucagon-like peptide-1 

The discovery that the oral intake of glucose would stimulate two or three times more the 
release of insulin from the pancreas than the same amount of intravenously administered 
glucose, led to the discovery that several incretin hormones are further released during the 

Table 1. Most commonly used anti-diabetic drugs and drug classes, their clinical use, route of 
administration, mode of action, benefits and limitations. 

Drug/drug class Mode of action General considerations Ref. 

Insulin and 
insulin analogs 
Clinical use: 
T1DM, T2DM 

Admin. route: 
SC injection 

▪ Regular insulin: short-acting, meant 
to cover mealtime glycemic peaks 
▪ NPH and basal analogs: dosed 
once or twice daily for basal therapy 
▪ Rapid-acting insulin: used at the 
start of a meal; rapid and narrow onset 
▪ Premixed insulins: combinations of 
long- and short-acting insulin, to 
address both mealtime and fasting 
insulin requirements 

▪ Consistently lower A1C, but with 
upward titration 
▪ Complex to prescribe 
▪ Painful and distressing 
administration 
▪ Limitations in safety and tolerability 
▪ Potential for dosing errors can lead 
to hypoglycemia or diabetic 
ketoacidosis 

51-56 

GLP-1 analogs 
Clinical use: 
T2DM 

Admin. route: 
SC injection, oral 

▪ Increase glucose-dependent insulin 
secretion 
▪ Decrease glucagon secretion 
▪ Inhibit gastric emptying 
▪ Increase insulin sensitivity in certain 
peripheral tissues 

▪ Provide robust A1C reductions 
▪ Safe and highly efficient 
▪ Induce weight loss 
▪ Minimal associated hypoglycemia 
▪ Painful and distressing 
administration 
▪ Half-life of a few minutes 
▪ Limited tolerability 
▪ Limited ease of use 
▪ May cause significant, but transient 
gastrointestinal side effects 

57-62 

Biguanides 
Clinical use: 
T2DM 

Admin. route: 
oral 

▪ Lower glucose levels by decreasing 
glucogenesis 

▪ Provides reductions in A1C 
▪ Weight neutral 
▪ Affordable 
▪ Causes gastrointestinal side effects 
and, more rarely, lactic acidosis  

4,62-65 

iDPP-4 
Clinical use: 
T2DM 

Admin. route: 
oral 

▪ Block DPP-4, the enzyme that 
degrades circulating GLP-1 in the 
body, increasing the bioavailability of 
endogenous GLP-1 

▪ Tolerable 
▪ Weight neutral 
▪ Limited efficacy 
▪ Increased incidence of upper 
respiratory tract related infections 
and nasopharyngitis 

59,61,6

6-68 

Sulfonylureas 
Clinical use: 
T2DM 

Admin. route: 
oral 

▪ Increase insulin secretion from β-cells 
by depolarizing β-cells via binding to 
ATP-dependent potassium-ATP 
channels 

▪ Lower A1C 
▪ Affordable 
▪ May cause weight gain and 
hypoglycemia 
▪ May cause decline in β-cell 
functioning or β-cell “burnout” 

62,69-

71 

TZDs 
Clinical use: 
T2DM 

Admin. route: 
oral 

▪ Increase insulin sensitivity via 
activation of peroxisome proliferator-
activated receptor-γ 

▪ Enhance effectiveness of both 
endogenous and exogenously 
injected insulin 
▪ Good long-term glycemic control 
▪ Induce weight gain 
▪ Induce fluid retention 
▪ Increased risk of bone fractures, 
cardiovascular and bladder cancer 

72-74 

Abbreviations: A1C: average blood sugar levels; ATP: adenosine triphosphate; GLP-1 analogs: glucagon like peptide-1 
receptor agonists; iDPP-4: dipeptidyl peptidase 4 inhibitors; NPH: neutral protamine Hagedorn; SC: subcutaneous; T1DM: type 
1 diabetes mellitus; T2DM: type 2 diabetes mellitus; TZDs: thiazolidinediones. 
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postprandial period to help regulating blood glucose levels.43,75 Amylin, gastric inhibitor peptide,
and GLP-1 are some of these incretin hormones with a variety of glucose-lowering effects, the 
latter being the most commonly used for the treatment of T2DM.4,43

GLP-1 is secreted from the enteroendocrinal L cells as an inactive 37-amino acid peptide.76

The intracellular precursor GLP-1 (1–37) only becomes active upon post-translational 
cleavage of the first six amino acids from its N terminal, resulting in the two circulating forms:
GLP-1 (7–36)NH2 and GLP-1 (7–37) (Figure 2b).76,77 GLP-1’s blood glucose-lowering effects 
include: (i) increasing the glucose-dependent insulin secretion; (ii) inhibiting gastric emptying;
(iii) decreasing glucagon secretion; and (iv) increasing insulin sensitivity in determined 
peripheral tissues.58,59 Despite the fact that GLP-1 (7–36)NH2 is more abundant after eating
(constituting ca. 80% of the truncated GLP-1) than GLP-1 (7–37),77,78 both forms are equipotent 
in respect of their insulinotropic effect.76 In healthy individuals, incretin hormones such as GLP-
1 are responsible for about two-thirds of insulin secretion after a meal.4 However, in T2DM 
patients, this effect is compromised, partially due to reductions in the secretion of GLP-1.79-81

The exogenous administration of GLP-1 can thus be used to counteract this effect. 
The native GLP-1 has a half-life of approximately 1.5–5 minutes in plasma.82 When in the 

blood circulation, the biologically active forms of GLP-1 are rapidly metabolized by the DPP-4 
enzyme, an ubiquitous protease present in the plasma and in the endothelium of blood vessels
(Figure 2b).77 This represents a major limitation in the clinical setting.82 For this reason, GLP-
1 analogs (e.g., liraglutide, exenatide, dulaglutide, semaglutide and lixisenatide) have been 
developed with prolonged half-lives.57,83 In 2019, the world’s first and only oral GLP-1 analog
was approved by the FDA for the treatment of T2DM under the commercial name Rybelsus®. 
This oral semaglutide is a response to the needs of patients who were shying away from the 
therapy due to its invasive and painful nature. All other GLP-1-based therapeutics are, however,
still administered via subcutaneous injections.83

Figure 2. Insulin and GLP-1 amino acid sequences. a) Primary structure of the human insulin, consisting of two
amino acid chains (A and B) connected by three disulfide bonds; b) primary structure of the two active forms of 
GLP-1 circulating in the blood: GLP-1 (7–36)NH2 and GLP-1 (7–37), and the DPP-4 cleavage site, which yields the
inactive form of the molecule.
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2.1.3   The need for more suitable delivery routes and therapeutic regimens 

Even if the development of new and enhanced diabetes medications and therapeutic strategies 
has seen progress in recent years, the currently available treatment options for DM are still far 
from ideal. As already mentioned above, glucose-lowering interventions mostly rely on daily 
injections, which are often painful and distressing. In fact, diabetic patients in need of 
exogenous insulin may take over 60,000 injections throughout the lifetime.84,85 The use of 
needles, syringes and other invasive methods further stimulates feelings of fear and anxiety, 
being one of the primary causes why patients intentionally skip therapy.44,46 Beyond the 
complexity and numerous hurdles imposed by the use of subcutaneous injections, DM patients 
may also experience episodes of infection due to inadequate self-administration, hypertrophy 
at the injection site caused by insulin deposition, local allergic reactions and scarring, 
atherosclerosis caused by irregular insulin absorption, peripheral hyperinsulinemia, and insulin 
edema.86-89 Moreover, most DM treatment options involve the high-cost production of sterile 
injectable products, not to mention that the single-use disposable syringes and needles rapidly 
become enormous amounts of waste.8 The chronic nature of the disease and its complications, 
together with the limitations of the current treatments impose thus a large burden on patients 
and on society.90 

Against this background, many pharmaceutical companies keep investing in the pursuit of 
ameliorated diabetes therapies. Such a process accounts for the opinions of different players, 
including physicians, payors, financial analysts and, most notably, patients.4 All parties would 
largely agree that an ideal therapy must avoid suffering, disease-associated complications and 
death. However, each of them will seek for the best possible therapeutic strategy according to 
varying preferences.4 From a patient’s perspective, an ideal DM therapy must essentially be 
effective, easy to handle, safe and affordable. For a physician, the formulation must be easy 
to prescribe, i.e., the dosing would not be based, for instance, on the function of the liver or 
kidney. Payors, in turn, would value the ability of the drug formulation to provide novel or added 
benefit to the treatment, while diminishing short- and long-term costs. Financial analysts would 
support the development of treatment options that can be reliably manufactured, easily 
approved, broadly adopted and profitable.4 

Given the magnitude of unmet needs and the undeniably poor patient compliance to the 
currently available DM therapies, it remains an ongoing task for both industry and academia 
to identify more suitable routes and regimens for the delivery of drugs that can counteract the 
deficient and/or disordered insulin’s modus operandi, and regain a near normal metabolic 
state.45 While the cure for both type 1 and type 2 DM remains as the ultimate goal, the 
development of efficient, safe, tolerable, widely adoptable and cost-effective treatment options 
represents an intermediate important goal.4 

 
2.2   Oral drug delivery for diabetes therapy 
For the majority of people worldwide, oral administration has been considered the preferred 
and most convenient mode of drug delivery.5,19 Oral drug administration is unprecedentedly 
simple, allows for flexible dosing regimens and for the accommodation of different types of 
drug candidates.91 Most importantly, it requires minimal expertise and invasiveness, being 
therefore associated with the highest degree of patient compliance, particularly when 
employed for the treatment of chronic conditions.15 In comparison with subcutaneously 
administered formulations, oral delivery systems have also shown greater chemical stability at 
higher temperatures,92 do not require sophisticated sterile production and storage conditions, 
being less expensive to manufacture,91 and do not generate biohazardous needle waste.7,8  
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The undisputed advantages of the oral route leave little margin to question the beneficial 
impact of an oral dosage form for diabetes therapy.4 Hence, an oral insulin formulation and its 
successful contribution to the management of unbalanced blood glucose levels would make it 
to the summit of diabetes innovation. Regretfully, for the time being, the effective formulation 
and delivery of proteins and peptides via the oral route remains yet to be widely 
accomplished.10 Nonetheless, the increasing number of clinical trials in this field cannot be 
overlooked, as it represents the continuing effort in bringing orally delivered anti-diabetic drugs 
to the market (Table 2). 
 
Table 2. Current clinical trial status of drugs and delivery technologies aimed at the oral administration 
of diabetes medications. Adapted from ref. [5]. 

Drug name 
(manufacturer) 

Active 
ingredient 

Delivery 
technology 

Notable clinical trials 

Phase Setting Registration no. 

ORMD-0801 
(Oramed) 

Insulin Protein oral delivery Phase 2 T2DM NCT03467932 

Phase 2 T2DM NCT02954601 

Phase 2 T2DM NCT02653300 

Phase 2 T2DM NCT02496000 

Phase 2 T2DM NCT01889667 

Phase 2 T1DM NCT02094534 

Phase 2 T1DM NCT02535715 

Phase 2 T1DM NCT00867594 

Rybelsus, 
formerly NN9924 
(Novo Nordisk) 

Semaglutide Eligen SNAC Phase 3 T2DM NCT02692716 

Phase 3 T2DM NCT01720446 

Phase 4 T2DM NCT03596450 

Marketed T2DM NA 

ORMD-0901 
(Oramed) 

Exenatide Protein oral delivery Phase 1 T2DM Unknown (Israel) 

OI338GT, 
formerly NN1953 
(Novo Nordisk) 

Insulin Merrion GIPET I Phase 2 T2DM NCT02470039 

TTP273 (vTv 
Therapeutics) 

Non-peptide 
GLP-1 analog 

Tablet Phase 2 T2DM NCT02653599 

Capsulin 
(Diabetology) 

Insulin Axcess Phase 2 T2DM EudraCT 2005-
004753-95 

Phase 1b T2DM EudraCT 2006-
006251-12 

Oshadi Icp 
(Oshadi Drug 
Administration) 

Insulin and 
proinsulin 

Non-covalent 
association with 
silica particles 

Phase 2 T1DM NCT01973920 

Phase 1-2 T1DM NCT01772251 

Phase 1 T1DM NCT01120912 

HDV-I (Diasome 
Pharmaceuticals) 

Insulin Hepatic-directed 
vesicle insulin 

Phase 2-3 T1DM NCT00814294 

Observational T1DM NCT00521378 

Tregopil, formerly 
IN-105 (Biocon) 

Insulin 
prodrug 

Tablet Phase 2–3 T2DM NCT03430856 

Phase 1 T2DM NCT03392961 

Phase 1 T1DM NCT01035801 

Abbreviations: GIPET: gastrointestinal permeation enhancement technology; GLP-1 analog: glucagon like peptide-1 receptor 
agonist; NA: not applicable; SNAC: -(8-[2-hydroxybenzoyl]-amino) caprylic acid; T1DM: type 1 diabetes mellitus; T2DM: type 2 
diabetes mellitus. 
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One of the biggest challenges limiting the success of oral DM therapies (as well as many 
other pathological conditions) is the myriad of the physiological barriers that orally administered 
drugs need to overcome before reaching their target.6 Such barriers are encountered 
throughout the entire GIT and make the oral delivery of a broad spectrum of pharmaceuticals, 
particularly proteins and peptides like insulin and GLP-1, extremely challenging.93 
 
2.2.1   Physiological barriers to oral protein and peptide delivery 

The GIT is primarily designed for digesting carbohydrates, proteins and other nutrients from 
the ingested food into molecular building blocks, thereby facilitating their absorption by the 
intestine.94,95 This process is accomplished by an orchestrated set of events, including 
enzymatic activity, pH variations and gut motility.95 While it constitutes an optimum 
environment to regulate basic nutritional intake, it also acts as a first line of defense against 
xenobiotics and pathogens.94  

Given the intrinsic physiological roles of the GIT, proteins and peptides like insulin or GLP-
1 do not typically survive the chemical and enzymatic conditions encountered after oral 
administration.94 Moreover, their transport across the intestinal epithelium is severely mitigated 
due to the presence of mucus and the intestinal epithelium.5,10 As a result, the oral 
bioavailability of intact proteins and peptides is often lower than 1% and, in some cases, even 
lower than 0.1%.5,96,97 The successful design and development of anti-diabetic drug 
formulations for oral administration depends thus on the understanding of the characteristics 
and functions of the biochemical, mucus and cellular barriers imposed by the GIT.9 
 
2.2.1.1   The biochemical barrier 

The biochemical barrier accounts for two major players: pH variations and enzymatic activity 
(Figure 3a). After oral intake, food or other particulates transiting through the GIT face gradient 
pH conditions, as follows: mouth, ca. pH 6.5; stomach, pH 1.0–2.0; duodenum, pH 4.0–5.5; 
jejunum, pH 5.5–7.0; ileum, colon and rectum, pH 7.0–7.5.98 Proteins and peptides are 
susceptible to these variations, as they may undergo oxidation, deamination or hydrolysis, thus 
compromising their biological activity and pharmacokinetics.95,99 

Alongside the effects of the waving pH values, proteases and other enzymes readily cleave 
proteins, rendering their inactive forms.5 Enzymatic degradation can take place in the luminal 
space of the GIT, brush border, enterocyte cytosol, and even in cellular organelles such as 
lysosomes.100 This process starts already in the mouth, by the action of salivary amylases and 
lysozymes.101 Yet, the residence time of an orally administered drug in the mouth is minimal, 
and therefore, the buccal cavity per se does not constitute a prominent barrier for oral 
administration.5 When moving into the stomach and intestine, drugs face the major enzymatic 
digestion machinery. In the stomach, drugs encounter fluids secreted by the gastric glands, 
containing hydrochloric acid, mucus and pepsin (Figure 3a).5,6 The high concentrations of 
pepsin and the acidic pH conditions rendered by the hydrochloric acid, make pepsin particularly 
operative towards the hydrolytic degradation of proteins.102 Additionally, lipase enzymes 
present in the stomach play an important role in the hydrolysis of fats, oils and triglycerides.5 
In the intestine, an overflowing amount of pancreatic enzymes (e.g., trypsin and chymotrypsin) 
ensure the continuation of the digestion process.5 Enzymes exhibit their highest activity 
throughout the duodenum and proximal jejunum, yielding harsh conditions for ingested 
proteins and peptides.100 The pH variations and enzymatic activity of the GIT must therefore 
be conveniently addressed during the development of orally deliverable protein- and peptide-
based drug formulations. 
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2.2.1.2   The mucus barrier 

Mucus is a viscid gel composed of water, mucins, electrolytes, lipids, proteins, DNA, and cell 
debris, also serving as a reservoir for immune mediators and other molecules with important 
homeostatic functions.103 The major building blocks of the mucus are mucins, a heavily 
glycosylated class of glycoproteins.104 They are continuously secreted by goblet cells, forming 
a mesh of randomly organized fibers over the entire surface of the gastric mucosa.95,100 This 
mesh network encloses a heterogeneous porosity, or mesh spacing, ranging from 20 to 1,800 
nm, depending on the organ and health status of the individual.105 

The mucus of the GIT has particularly unique features, as it encompasses both an inner 
layer, firmly attached to the epithelial cell lining, and an outer layer, loosely adherent and 
undergoing continuous turnover (Figure 3b).5 Concomitantly, the pH of the inner and outer 
mucus layers vary in a gradient manner. For instance, in the stomach, the inner mucus layer 
holds nearly neutral pH values, while outer layer has a far more acidic pH, an endogenous 
mechanism to repel harsh fluids and to avoid auto-digestion of the epithelium.106 The thickness 
of the mucus layer also varies according to the location: stomach and colon display thicker 
layers, whereas the small intestine, where the majority of the nutrient absorption occurs, 
displays a thinner layer, yet greatly varying according to the digestive activity.100 

The mucus layer acts as a first line of innate host defense to prevent the surface of the 
epithelium from microorganisms and noxious substances,104 thereby also constituting a major 
barrier to orally administered drugs.107 Diffusivity studies have shown that small molecules 
readily diffuse across the intestinal mucus, whereas macromolecules such as globular proteins 
are unable to overcome this layer.107 Nonetheless, further studies have supported the 
existence of other mechanisms of filtration beyond size exclusion, including electrostatic and 
hydrophobic interactions, which are conferred, respectively, by the negatively charged 
glycosylated regions and hydrophobic domains of the mucin fibers.93,105 Accordingly, to reach 
the absorptive intestinal epithelium, orally administered proteins and peptides must overcome 
the mechanisms governed by the physicochemical properties of the mucus. 
 
2.2.1.3   The cellular barrier 

Upon surviving the biochemical barrier and surpassing the mucus, orally administered drugs 
would still need to be transported across the intestinal epithelium to reach the bloodstream. 
Whereas the mucus forms a semipermeable membrane, the intestinal epithelium forms a 
tightly organized and highly restrictive barrier, allowing the selective absorption of nutrients, 
water and electrolytes, and efficiently thwarting the transport of intraluminal toxins, commensal 
or pathogenic microorganisms and foreign antigens into the blood (Figure 3c).108 

The intestinal epithelium is composed of villi, macroscopic finger-like projections protruding 
into de intestinal lumen, whose elaborate architecture increases the total absorptive surface of 
the intestine to about 300 to 400 m2.109 However, the absorption of the majority of solutes in 
the GIT occurs primarily in the small intestine (duodenum, jejunum and ileum).98 The villi of the 
small intestine are predominantly lined with a polarized monolayer of enterocytes, responsible 
for the absorptive processes (Figure 3c). The enterocytes, in turn, present well-ordered 
microvilli at their apical side, further increasing the total area for absorption.95 

The small intestine epithelium also contains goblet cells (responsible for mucus production 
and secretion), crypts or Lieberkühn (invaginations composed of pluripotent intestinal epithelial 
stem cells [IESCs]), enteroendocrine cells (secreting, e.g., GLP-1), antimicrobial-peptide 
secreting Paneth cells, and specialized microfold (M) cells, altogether interspersed between 
the villi, as well as macrophages and dendritic cells (Figure 3c).5 Interestingly, the enterocyte, 
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goblet, enteroendocrine, Paneth and M cells all derive from the IESCs, which are in charge of
renewing the epithelium, roughly, every 2–6 days.110

The selective barrier function of the intestinal epithelium is maintained through the 
harmonized formation of transmembrane protein networks, which establish mechanical links 
between adjacent cells, thereby sealing the intercellular space.108 These networks form three 
adhesive interlocking complexes (tight junctions, adherens junctions and desmosomes), which 
interact extracellularly with the neighboring cells and intracellularly with adaptor proteins linked 
to the cytoskeleton (Figure 3c).108 The average gap size between these complexes is usually 
less than 15 Å.111 However, their assembly is a highly dynamic process, constantly adapting 
to form pores with size and charge selectivity, further regulating the permeation of molecules 
through the intercellular spaces.112,113 While the junctional complexes limit the translocation of 
molecules between the intercellular spaces, the phospholipidic bilayers of the cell membranes 
limit their transport across the cells.10 After being shuttled across the epithelial lining, either via 

Figure 3. Physiological barriers to the oral delivery of proteins and peptides. a) The biochemical barrier,
consisting of severe pH variations and elevated enzymatic activity spanning throughout the GIT; b) the mucus
barrier, consisting of a randomly organized mucin mesh of variable porosity, limiting the absorption of orally
administered drugs; c) the cellular barrier, consisting of a tightly arranged cellular structure creating an additional 
hurdle between the intestinal lumen and the bloodstream. Adapted from ref. [5]; Copyright © (2020) Nature
Publishing Group.
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the intercellular spaces or across the cells, molecules reach the lamina propria, a succeeding 
network of capillaries responsible for their drainage into the bloodstream.114  

The stomach epithelium, in turn, represents a minor player in drug absorption, due to its 
low surface area, degradative acidic environment and high enzymatic activity.10 The colon is 
mostly involved in the maintenance of fluid and electrolyte balance, not being particularly 
specialized in the absorption of orally delivered molecules.111 Overall, the GIT epithelium, 
particularly in the small intestine, constitutes an ultimate obstacle for protein- and peptide-
based drug delivery, which needs to be judiciously tackled for the successful implementation 
of oral drug formulations. 
 
2.2.2   Transport mechanisms and strategies to enhance intestinal drug absorption 

One of the most compelling strategies to overcome the low bioavailability of orally administered 
drugs relies on the scrutiny of the different mechanisms by which drugs can be transported 
from the intraluminal space into the bloodstream. Drug transport across the intestinal 
epithelium can occur via: (i) passive transport, which is non-energy dependent and down the 
concentration gradient; or (ii) active transport, involving energy expenditure (adenosine 
triphosphate (ATP) consumption), and against the concentration gradient (Figure 4a).115 The 
pathways by which this transport can occur are: (i) the paracellular route, via the intercellular 
spaces; and (ii) the transcellular route, in which the drugs transit across the cells, passing both 
the apical and basolateral membranes (Figure 4a).10 The passive transport can occur via both 
the paracellular and transcellular pathways, whereas the active transport takes place via the 
transcellular pathway, under mechanisms such as carrier-mediated transport, M cell-mediated 
antigen sampling, and endocytosis/transcytosis (Figure 4a).116  

A great number of strategies has been investigated over the years to enhance the transport 
of drugs across the intestinal epithelium. These can be broadly divided into (i) chemical and (ii) 
formulation-based strategies. The chemical strategies are based on the modification of the 
physicochemical and biological properties of drugs, with the aim of improving their stability, 
solubility, permeability, and selectivity or affinity to their target receptors.111 These can be 
achieved, for instance, by: (i) site-specific mutagenesis, also known as protein sequence 
modification; (ii) proteinylation, by adding a secondary protein to the parent peptide; (iii) 
glycosylation, by attaching carbohydrate moieties to the parent peptide; (iv) PEGylation, by the 
conjugation of poly(ethylene glycol) (PEG) to the active compound; and (v) prodrug 
approaches, by the chemical and biochemical derivatization of drugs.111 The intricacies of the 
chemical strategies are out of the scope of this literature review, and can be found extensively 
reviewed elsewhere.111,117 In turn, formulation-based strategies, which are comparatively more 
feasible, consist, for instance, in the combination of the active drug with biologically and 
chemically superior pharmaceutical excipients (e.g., absorption enhancers or metabolism 
modifiers), or in their delivery through carrier systems such as nano- and micro-particles, 
liposomes, micelles, emulsions, microcontainers or microneedles.111,118 

Indeed, several formulation-based strategies have been considered to enhance drug 
absorption at the intestinal epithelium through the different transport mechanisms available 
therein. Mucus-penetrating coatings, for instance, allow for an easy navigation of drugs 
through the outer and inner mucus layers, whereas mucoadhesive formulations can increase 
the residence time of the drugs at the target site (Figure 4b).93 Protease inhibitors can be used 
to restrain the natural action of proteolytic enzymes in the degradation of protein- or peptide-
based drugs (Figure 4b). However, this strategy has demonstrated very limited therapeutic 
success so far.119,120 The physical insertion of drug-loaded materials, such as biodegradable 
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microneedles, could guarantee the direct access of the drug to the underlying vasculature, 
allowing for its release in a controlled manner (Figure 4b).121 Paracellular transport has also 
been thoroughly investigated, particularly by the use of permeation enhancers, which modulate
or disrupt the junctional complexes between the cells to enable the entry of drugs (Figure 
4b).122 However, permeation enhancers may induce global changes in the cells, and the body's 
natural ability to repair the damage caused by their long-term use remains unknown.123

Strategies for increasing the transcellular transport of drug formulations have likewise been 
widely investigated, including the use of diverse moieties as targeting ligands, or modifications 
of the surface properties of the carrier systems (Figure 4b).18,124 Nonetheless, the uptake and 
shuttling of drugs via transcellular transport mechanisms has also proven to be very 
challenging.

Figure 4. Intestinal transport and mechanisms of action for enhanced drug absorption. a) The passage of
molecules across the intestinal epithelium can occur via passive transport (paracellularly, in the intercellular spaces,
or transcellularly, across the cells), and via active transport (carrier-mediated transport, endocytosis/transcytosis,
or M cell-mediated antigen sampling); b) formulation-based strategies to enhance the oral bioavailability of drugs
include the use of mucus-penetrating coatings, mucoadhesive patches, enzyme inhibitors, permeation enhancers, 
targeting moieties, and physical insertion via biodegradable microneedles. Adapted from ref. [5]; Copyright © (2020)
Nature Publishing Group.
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As already mentioned above, transcellular transport can be achieved by carrier-mediated 
transport, M cell-mediated antigen sampling and endocytosis/transcytosis. However, transport 
through carrier-mediators such as the widely studied P-glycoprotein often results in poor 
absorption and bioavailability, due to drug efflux from inside intestinal cells or across blood 
cells back into the intraluminal space.116 M cells are found in the follicle-associated epithelium 
that overlies the Payer’s Patches (Figure 3c).116 These specialized cells present a poorly 
organized brush border, and the thick glycocalyx present in other absorptive cells is absent, 
becoming thus an easy access for luminal material to reach the underlying tissue (Figure 
4a).125 The uptake of larger sized particles by the M cells has already been explored, but the 
limited number of patches throughout the GIT turn it into a very limited route for the delivery of 
non-antigen, poorly permeable compounds.116 Endocytosis is a cellular process in which the 
plasma membrane invaginates to form an intracellular vesicle engulfing the target material.116 
This process can be triggered either by fluid-phase pinocytosis or by the interaction of a ligand 
with its receptor, also known as receptor-mediated endocytosis.116 In fluid-phase pinocytosis, 
the intracellular vesicle ‘pinches off’ from the cell membrane and, in most cases, fuses with an 
endosome, which later on fuses with a lysosome (Figure 4a).116 The lower pH and the 
presence of hydrolytic enzymes inside the lysosome may degrade its contents, preventing 
them from reaching the bloodstream, and thus limiting the application of this route for the 
transport of protein- and peptide-based drugs. Alternatively, certain molecules cross the 
intestinal epithelium by transcytosis, a special branch of the endocytic pathway in which 
macromolecular cargos are transported across the cells through receptor-mediated 
mechanisms.126 This pathway involves endocytosis into specialized vesicles that do not fuse 
with lysosomes, thereby avoiding enzymatic degradation.127,128  

Despite the significant milestones achieved in oral drug formulation research by the 
scrutiny of different transport mechanisms, there is still a strong need for improving the 
intestinal absorption and bioavailability of orally delivered proteins and peptides. Given the 
presence of membrane receptors at the intestinal epithelium, a receptor-mediated transcytotic 
route emerges with great potential. One target for intestinal transport through this route is the 
neonatal Fc receptor. 

 
2.3   The neonatal Fc receptor: from immunity to therapeutics 
In 1892, Paul Ehrlich identified the ability of antibodies to pass from mother to offspring as a 
mechanism of protection against infections in early life.129,130 Over the years, it was 
demonstrated that the acquisition of this passive immunity varied between species. In humans 
and rabbits, for instance, antibody transfer was described to occur mostly in the antenatal 
period, whereas in mice and rats, among other animals, predominantly in the neonatal 
period.131 However, the types and transfer systems by which antibodies were transmitted to 
offspring were yet to be understood. 

Antibodies, also known as immunoglobulins (Igs), are immune-system related proteins 
produced by B cells as a response to the presence of foreign substances (antigens). When 
antigens bind the surface of a B cell, a number of effector mechanisms are set in motion to 
remove them from the body. With this, millions of antibodies are secreted into the bloodstream, 
with the aim of attacking and neutralizing the antigens.132 Antibodies have a Y-shaped structure, 
consisting of two functional domains: (i) the Fab (fragment, antigen binding), responsible for 
antigen recognition and binding; and (ii) the Fc (fragment, crystallizable), responsible for 
mediating the biological activity of the antibody (Figure 5).132 
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Nearly half century ago, Brambell and co-workers shed a light on the passive immunity 
phenomenon by demonstrating that γ-globulins, mostly consisting of Igs, were particularly 
transferred from maternal circulation to offspring, while most other plasma proteins were not.133

Also importantly, it was reported that this process was particularly dependent of the Fc region 
of the Igs, and not on the Fab region.134 Brambell also described that, even outside pregnancy, 
γ-globulins had a persistence in the adult circulation of about 20 days, which is approximately 
4 times more than that of most other plasma proteins.135,136 Additionally, upon high-dose 
administration of γ-globulins, Brambell observed a pattern of increased fractional catabolism, 
leading to their rapid elimination from the blood, which suggested the involvement of a 
saturable rescue process.135,136 Amidst these pioneering discoveries, Brambell and co-workers
postulated the existence of a specific receptor, working during early life as a transporter of
immunoglobulin G (IgG) from ingested breast milk into the blood circulation, and in later life, 
as a protector of IgG from catabolism.135,137 At the same time, Schultze and Heremans
conjectured the existence of an albumin-specific receptor, which would protect albumin from 
degradation in a mechanism identical to that proposed for the IgG.138 This would explain the 
similarly long half-life of albumin in circulation. However, the receptor-mediated regulation of
albumin homeostasis remained unexplained for decades.

In 1970, Rodewald demonstrated that the transmission of passive immunity in neonatal 
rats occurs predominantly at the proximal small intestine, and in 1976, that it occurs in a highly
controlled pH-dependent fashion.139,140 In 1989, Simister and Mostov were able to clone, for 
the first time ever, the eventually named neonatal Fc receptor (FcRn) from rat enterocytes.141

In 2003, the role of FcRn in prolonging the half-life of albumin was finally demonstrated by 
Chaudhury and co-workers.24 The authors observed that FcRn could bind not only IgG but also 
albumin, as well as that FcRn-deficient mice catabolized albumin more rapidly than normal 
mice, and presented lower serum albumin concentrations.24

Figure 5. Structure of an antibody. Antibodies or immunoglobulins (Igs) have a Y-shaped flexible structure
consisting of two identical heavy chains, and two identical light chains. Each chain contains a constant domain and
a variable domain. The role of the antibodies in the immune response to foreign substances (antigens) is provided 
by their two functional domains: (i) the Fab, responsible for antigen recognition and binding; and (ii) the Fc,
responsible for mediating their biological activity.
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Over the years, FcRn has been reported to be involved in a variety of biological functions, 
including: (i) transporting IgG  and albumin across epithelial barriers;142-144 (ii) providing passive 
immunity from mother to fetus and newborn, helping in the development of the adaptive 
immune system;145,146 (iii) enabling IgG and antigen-containing IgG-immune complexes to 
traffic across the cells;147,148 and (iv) protecting IgG and albumin from degradation via endocytic 
salvage, in a pH-dependent mechanism of transcytosis and recycling.149-152  

Nowadays, FcRn is acknowledged as a major player in basic physiology, as it is 
responsible for the homeostatic regulation, maintenance and biodistribution of both its ligands 
(IgG and albumin) throughout the body.145 IgG and albumin constitute about 80% of the 
plasma’s protein mass, and mediate essential life functions: IgG has a critical role in immune 
surveillance, whereas albumin maintains the colloid osmotic pressure of the blood circulation, 
buffers the plasma pH, and transports a myriad of molecules throughout the body.153 
Additionally, FcRn is one of the very few molecules known to move from the luminal to the 
serous membranes of epithelial cell barriers.145 More recently, the capacity of FcRn to transport 
IgG and albumin across polarized epithelial cells while protecting them from degradation has 
drawn attention to its potential use for drug delivery applications. 
 
2.3.1   FcRn structure and pH-dependent ligand binding 

FcRn, encoded by the Fcgrt gene, is a membrane protein expressed by diverse tissues 
throughout the body, including cells of epithelial, endothelial and myeloid lineages.154-156 FcRn 
is a heterodimer composed of a membrane-bound heavy alpha (α) chain (40–45 kDa in 
humans and 51 kDa in rodents), non-covalently associated with a 12 kDa β2-microglobulin 
(β2m) light chain (Figure 6a).141 The heavy chain consists of three α domains (α1, α2 and α3), 
a transmembrane domain, and a ca. 44 amino acid cytoplasmic tail.146,157 The β2m light chain, 
bound to all three α domains, is essential for proper FcRn expression and function.154,158-160 

Crystallographic studies revealed that, due to the shared structure and homology, FcRn 
has a striking resemblance to the major histocompatibility complex (MHC) class I 
family.141,161,162 Yet, typical MHC class I molecules bind antigenic peptide fragments through a 
peptide-binding groove found between the α1 and α2 helices, and present them to cytotoxic T 
cells to trigger an immune system response; in contrast, this peptide-binding groove is 
occluded in FcRn, and therefore, this receptor is not involved in the endogenous peptide 
presentation.157,163  Instead, the occlusion of the peptide-binding groove led FcRn to evolve to 
bind IgG and albumin with high affinity, at separate and non-overlapping binding sites, on 
opposite sides of the α1 and α2 domains (Figure 6a).152 Further crystallographic studies 
showed other structural modifications in the heavy chain of human FcRn compared to other 
MHC class I molecules, which contribute to its exquisitely sharp pH-dependent binding 
capacity to IgG and albumin.157 The strength of the FcRn–ligand interactions ranges from the 
highest, at mildly acidic pH, to the lowest, at neutral or basic pH conditions.23,140,164 Specifically, 
FcRn binds its ligands with nanomolar affinity at pH 6.5, while this interaction becomes 
progressively weaker and even non-detectable at around pH 7.5.153,157 

The interaction of FcRn with the Fc portion of IgG takes place at the CH2 and CH3 domains 
of the Fc heavy chain (Figure 6b).165 The protonation of the IgG Fc histidine residues is 
reported to be on the basis of its engagement with FcRn: histidine becomes protonated at pH 
6, and it is the only amino acid that changes between pH 5.5 and 7.4. Thus, histidine 
protonation allows for the interaction of key IgG Fc residues isoleucin (Ile)253, histidine 
(His)310 and His435, and, to a lesser extent, His433 and tyrosine (Tyr)436 with the FcRn 
glutamic acid (Glu)115 and aspartic acid (Asp)130 (Figure 6a, b).165 The protonation is, 
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however, gradually lost as the pH increases above 6, which directly relates with the decreasing 
capacity for FcRn to interact with IgG.23,152 Beyond the interactions with the heavy chain, IgG 
also establishes contact with the FcRn β2m light chain through the Ile1 residue.166

Considering that IgG is a homodimeric molecule (composed of two identical polypeptide 
chains), and therefore, contains two Fc domains, it has been proposed that the FcRn–IgG 
interactions occur with a stoichiometry of 2:1, with two FcRn molecules per one IgG.166

Moreover, it has been shown that FcRn binds with equal affinity to each of the homodimeric 
IgG Fc fragments, even though the avidity effect that results from the formation of the 2:1 
complex is important to extend the IgG half-life in circulation.166 Recently, the involvement of 
the Fab arms in the interaction between IgG and FcRn has been postulated, but the intricacies 
of this interaction remain yet to be understood.156,167-170

Figure 6. Structure of FcRn, IgG and albumin, and pH-dependent binding. a) Crystal structure of a human
FcRn. FcRn is a heterodimeric MHC class I-related receptor, consisting of a heavy chain (in green), with three
extracellular domains (α1, α2 and α3), non-covalently associated with a β2m light chain (in orange). FcRn binds to
IgG and albumin through non-overlapping sites at mildly acidic pH conditions. Key amino acid residues involved in
the interaction with IgG (Asp130, Glu115 and Ile1) and albumin (His166) are shown as red spherical balls. b) Crystal
structure of a human IgG1. The IgG molecule consists of two identical heavy chains (green and grey), formed by
Fab arms, genetically bound to the Fc via the hinge, and two light chains (blue). The interaction of FcRn with the
IgG Fc occurs at the CH2 and CH3 domain interface, and involves the key IgG amino acid residues Ile253, His310,
His435, and also His433 and Tyr436. c) Crystal structure of a human serum albumin. Albumin is a globular transport
protein composed by three domains, DI and DII (grey) and DIII (green). The main binding site with FcRn resides
within DIII, and involves key amino acid residues, such as His464, His510, His535 and Lys500. d) Topological
representation of putative models of the membrane-associated FcRn (green and grey) simultaneously bound to
IgG1 (blue) and albumin (magenta). In the “standing up” model orientation, possible clashes may occur between
the IgG Fab arms and the membrane. In the “lying down” model orientation, the IgG Fab arms are accommodated,
but the albumin binding site may be potentially confined. FcRn with a “reclined” orientation may most proficiently
accommodate both ligands. Figures a), b) and c) adapted from ref. [162]; Copyright © (2009) Elsevier. Figure d)
adapted from ref. [165]; Copyright © (2019) Pyzik, Sand, Hubbard, Andersen, Sandlie and Blumberg (Creative
Commons - Attribution 4.0 International - CC BY 4.0).
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Similarly to IgG, FcRn also plays a crucial role in the protection of albumin from catabolism, 
and thereby, in extending its half-life.153 The interaction of albumin with FcRn involves, however, 
a larger and more hydrophobic surface area of the receptor.24,151,171 Albumin is a heart-shaped 
globular transport protein of 67 kDa, composed by nine loops spanning three highly flexible 
homologous domains (DI, DII and DIII; Figure 6c).172 Each of the three domains is composed 
by three loops: two long ones, denoted as subdomain A, and a shorter loop, denoted as 
subdomain B.24,173 DI and DII were shown to be involved in the interaction between albumin 
and FcRn,174 but the main binding site resides within DIII, as the removal of the latter results 
in ablated albumin–FcRn binding.158,175 

The contact site between the albumin and human FcRn involves histidine residues 
(predominantly His166) within the α2 domain of the FcRn heavy chain. However, these are 
located on the FcRn opposite structural face relative to the IgG binding site (Figure 6a, c).152,176 
Their interaction occurs when, at mildly acidic pH, the FcRn His166 forms intramolecular 
hydrogen bonds that constrain the FcRn loop containing the tryptophan (Trp) residues Trp59 
and Trp53.151,171 Subsequently, two hydrophobic pockets in the subdomains A and B of 
albumin DIII bind to Trp59 and Trp53 of FcRn. Albumin residues His464, His510, His535 and 
lysine (Lys)500 have also shown to be involved in the interaction with FcRn.158 

Complementary crystallographic and in vitro protein–protein interaction studies have 
suggested that FcRn could bind both IgG Fc and albumin simultaneously,151,153 which is in 
agreement with the fact that the binding sites are in opposite sides of the receptor.152,176 
However, these studies were performed using only soluble FcRn forms, and do not encompass 
the evaluation of surface-immobilized receptor binding, neither other in vitro and in vivo studies 
of relevance. In the past, two putative models have been proposed for the FcRn–ligand 
complex formation, in which the receptor could be aligned in a “standing up position”, generally 
assumed for MHC class I molecules, or “lying down”, with its longest dimension roughly parallel 
to the membrane (Figure 6d).177 However, the “standing up” model was considered less 
functional, since possible clashes may occur between the IgG Fab arms and the 
cell/intracellular vesicle membrane, and therefore, IgG would be sterically prohibited from 
interacting with the FcRn.157,177 Together with other biochemical studies, these data further 
supported that the “lying down” model would be physiologically more relevant for the FcRn–
IgG interactions.178 Yet, in this orientation, the albumin binding site may be potentially confined 
and difficult to access (Figure 6d). More recently, it has been proposed that, when binding an 
IgG molecule, FcRn may orientate the antibody in a T-shaped conformation, ensuring minimal 
steric hindrance with the membrane.179 Amidst these space restrictions, a “reclined” orientation 
of the receptor would be more likely to accommodate both IgG and albumin simultaneously 
(Figure 6d).165 Alongside the FcRn–ligand binding orientation models, the affinity of the FcRn 
to IgG and albumin has also been investigated. However, these interactions have been 
evaluated through diverse quantitative techniques, experimental designs, reagents, among 
other technically relevant details.165 Furthermore, different binding affinities have been 
detected from or across species. Hence, caution should be taken when interpreting and 
extrapolating the results of both the FcRn binding orientation models and affinity 
measurements performed so far. 

 
2.3.2   FcRn-mediated cellular transport mechanisms 

FcRn pH-dependent ligand binding capacity is essential for recycling and transcytosis, the 
processes by which IgG and albumin are rescued from intracellular degradation, and that 
enable their trafficking across the cells.165 However, there is still no satisfactory information 
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about how these mechanisms occur in vivo, which is aggravated by the fact that FcRn is 
expressed in several organs and tissues, and its recycling and transcytosis mechanisms vary 
accordingly.20  

A number of imaging studies in live cells and in vivo experiments have been carried out to 
shed a light on the FcRn-mediated ligand trafficking.180-182 This literature review will, however, 
focus solely on the FcRn role of ligand recycling in endothelial cells, and on its transcytotic 
capacity observed in epithelial cells. The intricacies of the FcRn functioning at various 
anatomical sites and across species known so far are extensively reviewed elsewhere.20,21,165  
 
2.3.2.1   Recycling 

In endothelial cells, FcRn was found to be predominantly expressed in intracellular vesicles, 
such as early endosomes positive for the Rab protein Rab5, early endosome antigen (EEA)1, 
and recycling endosomes positive for Rab4 and Rab11a.180,183 Rab proteins are a large group 
of small GTPases that play an essential role in intracellular vesicle trafficking.184 Rabs are 
ubiquitously expressed and, through the recruitment of effector proteins, control vesicle 
formation, motility/delivery and docking/fusion at target membranes.184 By contrast, the 
expression of FcRn on the surface of endothelial cells was found to be limited, and the pH of 
the extracellular environment would anyway hinder its interaction with IgG.185 Hence, IgG is 
expected to enter the cells non-specifically, via fluid-phase pinocytosis, being trafficked along 
the endosomal pathway, and subsequently binding to FcRn present in EEA-1- and Rab5-
positive early endosomes (Figure 7a).180,183 The mildly acidic pH inside these endosomes (ca. 
pH 6) promotes the formation of the FcRn–ligand complex,186 which then separates from 
sorting endosomes into Rab4 and Rab11a-positive recycling endosomes.183 This cascade of 
events is then completed by multiple exocytic processes. During exocytosis, upon membrane 
fusion, FcRn dissociates from IgG due to the elevated pH of the extracellular environment, 
shuttling it back into circulation, thus extending its half-life (Figure 7a).180 Proteins that do not 
bind FcRn are instead sorted to lysosomes for proteolytic degradation.181,187 The 
characterization of FcRn–ligand trafficking has been primarily conducted using IgG, and 
therefore, it is yet to be fully understood whether albumin recycling is governed by the same 
mechanisms. 
 
2.3.2.2   Transcytosis 

FcRn transcytotic capacity has been particularly investigated in epithelial Madin-Darby Canine 
Kidney II (MDCK II) cells, which form polarized cell monolayers in vitro, an essential property 
for studying transcytosis.148 In these cells, the regulators of FcRn–IgG transcytosis were shown 
to be different than those involved in the recycling pathway.165 As already mentioned, FcRn 
has a unique capacity of moving inwards, from the apical to the basolateral membrane.188 In 
this model, actin motor myosin Vb and Rab25 showed to regulate a sorting step that specifies 
transcytotic processes from either apical-to-basolateral membrane or vice-versa, without 
affecting recycling.188 Calmodulin, a ubiquitous and multifunctional calcium-binding protein, 
has also shown to be involved in this receptor-mediated transcytosis, following the 
identification of a calmodulin-binding site in the FcRn cytoplasmic tail.189  

Over the years, the process of transcytosis in polarized epithelial cells was shown to be, to 
some extent, similar to the process of recycling described for endothelial cells. After entering 
the cells, IgG binds FcRn present in early endosomes with an inner mildly acidic pH.190-192 
However, along the endosomal pathway, myosin Vb and Rab25 found in the recycling 
endosomes drive FcRn–IgG to a transcytotic pathway (instead of recycling), which is then 
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followed by exocytosis at the opposite side of the cell membrane (Figure 7b).188 When facing 
elevated pH conditions on the extracellular environment, IgG dissociates from FcRn. Unbound 
IgG fails to enter the transcytotic pathway, being equally degraded in lysosomes.

Moreover, studies in MDCK II cells, which stably express human FcRn and β2m, confirmed 
the existence of a bidirectional transport of IgG across the monolayer.193 Yet, this transport 
was reported to be more efficient from the basolateral to the apical membrane,193 differing from 
what has been previously observed for the rat FcRn receptor.191 The difference in this cellular 
mechanism could be explained by the different cell surface polarities displayed by the full-
length human and rat receptors.193 Hence, FcRn-mediated transcytosis is reported to be
governed by mechanisms that differ not only between anatomical sites but, also importantly, 
between species. Up until now, a surprisingly low number of studies have focused on 
elucidating the regulation of the bidirectional FcRn intracellular trafficking.

2.3.3   FcRn expression and function

Following the identification of FcRn as a mediator of IgG transport from mother to offspring, it 
was initially surmised that the expression of this receptor was exclusive to the placenta and 
intestinal tissues of fetus and neonates. Over the years, FcRn expression has been detected
almost ubiquitously, in nearly every organ in mammals.194 Yet again, the specific role of the 
receptor in IgG and albumin trafficking varies across species and across cell types within the 
same species. This process depends on the number of FcRn-expressing cells and the levels
FcRn expression within each cell type, the rate of pinocytotic/phagocytic activity, as well as on 
the IgG concentration in the respective microenvironments.148

Figure 7. FcRn-mediated recycling and transcytosis. a) Recycling: IgG is internalized by non-specific fluid phase
pinocytosis and, while being trafficked along the endosomal pathway, binds to FcRn-expressing early endosomes,
in which a mildly acidic pH is found. FcRn–IgG complexes are then sorted into recycling endosomes and exocytosed
upon fusion with the cell membrane. The pH of the extracellular environment leads to the dissociation of IgG from
FcRn, thus extending its half-life. Unbound IgGs are sorted to lysosomal degradation. b) Transcytosis: human FcRn
mediates bidirectional transport of IgG across epithelial cell layers following a similar pathway to the recycling. The
mildly acidic pH found in the endosomes is also needed for the FcRn–ligand complex formation. Bound IgG is
released in the extracellular environment by exocytosis, from either apical-to-basolateral membrane or vice-versa,
whereas unbound IgG becomes equally catabolized within lysosomes (not shown). Adapted from ref. [20]; Copyright
© (2007) Nature Publishing Group.
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In adult humans, FcRn can be found in endothelial cells of the skin, retina and placenta, 
181,195,196 in monocytes, macrophages and dendritic cells,197 T and B lymphocytes,198 
keratinocytes,199 hepatocytes,200 in epithelial cells of the intestine,190,201 mammary gland,202 
kidney,203 lung204 and eye,196 and in the female genital tract.205 This literature review will focus 
on the FcRn expression in the human intestine as the target site for orally delivered drug 
formulations, but the FcRn expression sites and associated functions can be found extensively 
reviewed elsewhere.20,21,165 
 
2.3.3.1   Intestine 

Following the identification of FcRn in the intestine of neonatal murine mammals, FcRn 
expression in human small and large intestine throughout lifetime was also investigated. These 
studies showed detectable FcRn expression in apical and crypt enterocytes, goblet cells and 
sub-populations of enteroendocrine cells, predominantly located intracellularly and on the 
apical membrane lining the intestinal lumen.190,201,206,207 While the FcRn-mediated IgG uptake 
and subsequent acquisition of passive immunity in rats and mice occurs during the fetal period 
(across the inverted yolk sac placenta) and neonatal period (across the intestine), little 
maternal IgG was found to be transmitted across the intestine in humans.201,206 In turn, immune 
competency in humans is assured mostly by placental transfer.165,201 As such, FcRn expression 
in the intestine of rodents and humans is also markedly different: in rodents, FcRn expression 
undergoes a significant decrease immediately after weaning, whereas in humans it is present 
not only in the neonatal period, but also throughout adulthood.22,201,208,209 Despite the 
variabilities observed between species, it is acknowledged that FcRn consistently plays a 
crucial role in the development of the adaptive immune system in mammalian offspring.165 

FcRn is, hence, unanimously considered a major player in early life. However, the grounds 
that justify its life-long expression in the human intestine merit further investigation. In vivo 
experiments using a transgenic mouse model demonstrated that human FcRn-expressing 
intestinal cells can transcytose IgG from the basolateral side and across the cells, into the 
intestinal lumen, while this could not be observed in FcRn-deficient mice.210 Later, IgG, 
together with IgA and IgM present in mucosal surfaces at the gastrointestinal interface (as well 
as respiratory and genital) were shown to participate in host defense mechanisms.211 Most 
importantly, IgA and IgM showed unidirectional transcytosis (mediated by a different receptor), 
while IgG was bidirectionally transcytosed by FcRn.193,206,210,212 Overall, intestinal FcRn showed 
to be capable of trafficking IgG into the lumen and, in parallel, of transporting IgG and IgG-
immune complexes in the reverse direction, towards the lamina propria. By doing so, luminal 
antigens can be specifically delivered to dendritic cells underlying the intestinal epithelium, and 
trigger adequate immune responses.210,212 

The FcRn-mediated transport of albumin in the intestine is extremely underexplored when 
compared to that of IgG. Yet, among other equally relevant early studies,209,213 recent in vitro 
experiments have shown albumin trafficking via FcRn-mediated mechanisms in MDCK II and 
human epithelial colorectal adenocarcinoma (Caco-2) cells.214,215 
 
2.3.4   Therapeutic applications 

Advances on the understanding of the FcRn structure, patterns of expression, pH-dependent 
ligand binding and physiological roles have come along with an increasing interest in exploring 
its potential for therapeutic applications. FcRn-based therapeutic strategies mostly aim to 
either bind the receptor or, by contrast, blocking it, and can be broadly divided into: (i) targeted 
delivery; (ii) protein and peptide half-life extension via Fc- or albumin-fusion and engineering; 
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and (iii) enhanced clearance approaches, by blocking the FcRn–IgG interaction, and thus 
contributing to the treatment of a broad spectrum of IgG-related autoimmune diseases. Half-
life extension and enhanced clearance therapeutic approaches are outside of the scope of this 
literature review and will not be dealt here in detail, but have been reviewed elsewhere.21,165 
 
2.3.4.1   FcRn-targeted therapies 

The administration of protein- and peptide-based therapeutics by non-invasive means and, 
more specifically via the oral route, has long been hailed as the ‘holy grail’ of drug delivery. 
However, the success of non-invasive drug delivery depends, in most cases, on the transport 
of therapeutic cargos across barriers such as the intestinal or pulmonary mucosal interfaces. 
No less important, almost all infectious diseases are initiated at mucosal surfaces.216 Based 
on the fact that the role of FcRn at these anatomical sites is to shuttle its ligands across 
polarized epithelial cell layers, IgG Fc- and albumin-fused therapeutics or vaccines, and FcRn-
targeted drug carriers have been increasingly investigated towards improved drug absorption 
and bioavailability.185 

Low and co-workers, for instance, explored the capacity of FcRn to transcytose follicle-
stimulating hormone (FSH) across the intestinal epithelia of neonatal rats and lung epithelia of 
cynomologous monkeys, by linking FSH to the Fc domain of IgG1.217 Recombinant human 
FSH is commonly used in the treatment of both male and female infertility, and requires daily 
intramuscular or subcutaneous injections that may vary from 8–10 days in women, and up to 
several months in man.218 Results showed that FSH–Fc fusion proteins can be systemically 
delivered after oral and pulmonary administration due to FcRn binding and transcytosis. 
Moreover, FSH–Fc fusion proteins showed increased stability and prolonged half-life in blood 
when compared to recombinant human FSH, as well as improved bioactivity.217 However, 
despite being a valuable proof-of-concept study, the FSH–Fc bioavailability was not reported 
and the intestinal barrier properties of neonatal rats may be potentially confounding, as they 
do not mimic the ones of an adult rat or human.185,219 

Erythropoietin (EPO) is a glycoprotein hormone involved in erythroid progenitor cell 
proliferation, differentiation and maturation, also serving as an apoptotic inhibitor.220 
Recombinant EPO is frequently used in a wide range of pathological conditions, including 
cancer, human immunodeficiency virus (HIV) infection and anemia.221-223 As the current EPO 
administration requires intravenous or subcutaneous injections, FcRn becomes ideally suited 
for mediating EPO trafficking across the cells and its subsequent systemic delivery. Indeed, 
studies in non-human primates showed the ability of EPO–Fc fusion proteins to follow the FcRn 
pathway in the lungs after inhalation.224 The same strategy was later used in a Phase I clinical 
trial, in which aerosolized EPO-Fc fusion proteins were successfully delivered using the FcRn-
mediated transport pathway in the lungs, with retention of the EPO biological activity.220 
Nonetheless, EPO–Fc fusions remain as a product ‘for research purposes only’,225 and no 
clinically approved pharmaceutical formulation has been made available so far. 

FcRn has also been explored for the delivery of vaccines across epithelial barriers for the 
treatment of infections that are, otherwise, administered via intravenous or subcutaneous 
injections. Ye and co-workers, for instance, fused a model antigen to an IgG Fc fragment,216 
while Lu and co-workers fused HIV Gag (p24) to the Fc region of IgG.226 In both studies, the 
FcRn-targeted therapeutics were delivered by intranasal administration, and revealed to 
induce local and systemic immunity, including durable B and T cell memory, required for stable, 
long-term protection against pathogenic viruses.  
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Based on its history, it comes without surprise that FcRn holds promise as a target for fetal 
and neonatal medicine. Grubb and co-workers, for instance, proposed an Fc fusion approach 
for in utero enzyme replacement therapy.227 In vivo studies showed the enzyme β-
glucuronidase–Fc fusion protein administered to pregnant mothers was successfully 
transported across the placenta into the fetal circulation via FcRn-mediated transcytosis.227 
More recently, the Fc fusion techniques have also been explored for the delivery of 
procoagulant factor VIII and preproinsulin.228,229 When associated with the Fc domain of IgG, 
these therapeutics were efficiently transferred through the placenta of pregnant mice to fetuses 
via the FcRn pathway. However, all three examples of FcRn-mediated transcytosis in fetal and 
neonatal medicine mentioned herein have only been explored following invasive routes of 
administration.  

Similarly to IgG, albumin is also abundantly present at mucosal surfaces and in 
extravascular spaces.230 However, the FcRn-mediated transcytosis of albumin fusions has not 
been established yet. Nonetheless, albumin is highly stable and water-soluble, and therefore, 
can be used as a potential platform for the delivery of protein- and peptide-based formulations 
with otherwise poor stability and absorption in potentially harsh conditions of mucosal 
interfaces.231 Furthermore, the fact that albumin does not bind to classical Fcγ receptors, 
expressed by B lymphocytes, macrophages and dendritic cells, among others, lowers the risk 
of unwanted immune activation.165 Hence, the delivery of albumin-fused therapeutics and 
vaccines through FcRn-mediated transcytosis merits further investigation. 

The advent of nanotechnology came along with the design and development of a myriad 
of advanced drug delivery systems. In line with this, the exploration of the FcRn pathway by 
functionalizing drug nanocarriers has been very recently initiated. In 2012, Vllasaliu and co-
workers functionalized the surface of nanoparticulate systems with the Fc portion of IgG.232 
Studies in an in vitro model of the airway epithelium, using human bronchial epithelial cells 
Calu-3, revealed enhanced cellular uptake and translocation when compared to non-
functionalized particles, suggesting the involvement of the FcRn pathway.232 One year later, 
Pridgen and co-workers further demonstrated that IgG Fc fragment-conjugated polymeric 
nanocarriers can hijack FcRn transport for the delivery of protein cargos like insulin after oral 
administration in mice.233 In the past few years, more studies have followed the same strategy: 
IgG Fc fragments were conjugated to the surface of polymeric nano-delivery systems for the 
oral delivery of agents for cancer therapy, diabetes, and viral infections in vivo, respectively.234-

236 Within the same time frame, and along with the progress seen in the IgG Fc-based 
strategies, the first reports of increased FcRn-mediated cellular uptake and transcytosis using 
albumin carrier systems or nanoconjugates were also published.215,237  

Even though hijacking the FcRn transport pathway seems to hold great potential in the 
development of non-invasive treatment opportunities, the FcRn transport capacity in the 
human intestine or lungs remains unknown.185 Yet, while the oral and pulmonary delivery of 
antibodies could be constrained by the FcRn capacity to transport the significantly high doses 
needed for eliciting a biological effect,238,239 FcRn is still a viable option for the non-parenteral 
delivery of protein- and peptide-based drug formulations.185 Nonetheless, one must consider 
that FcRn plays a dual role at mucosal surfaces: transcellular transport of IgG-immune 
complexes for subsequent phagocytosis by antigen presenting cells (APCs)210 and, once 
internalized, FcRn mediates immune complex sorting into the appropriate MHC loading 
compartment inside the cell.240,241 Thus, FcRn-targeted drug formulations for oral and 
pulmonary delivery may end up being phagocytosed by APCs, degraded inside lysosomes, or 
presented to T cells, inducing an immune response.185 Moreover, FcRn is expressed in several 
other tissues, which may result in a non-specific cellular uptake of the FcRn-targeted 
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formulations when in blood circulation.233 From a different angle, the broad expression of the 
receptor turns it into an attractive target for a variety of other diseases. 

Whether FcRn-targeted therapies will be approved or not by regulatory agencies and reach 
the market in the future is yet to be known. However, it seems reasonable to assume that 
researchers must commit to the upwards trend in developing advanced drug delivery systems 
and in characterizing their interaction and transport via the FcRn-mediated pathway, in order 
to explore its full potential. The proof-of-concept studies from Vllasaliu and Pridgen,232,233 
together with a small number of recent studies,235,242,243 have demonstrated the ability of 
nanotechnology-based systems to hijack the FcRn towards the non-invasive delivery of drugs, 
with the desired therapeutic effect and, therefore, represent an important milestone. Further 
investigation could enable a broad range of therapeutic opportunities, with potential for 
revolutionizing a variety of conventional therapies with unmet needs. 
 
2.4   Nanotechnology for drug delivery 
Even though the production and use of miniaturized materials has already been taking place 
for centuries, nanotechnology as we see it was first framed by the physicist and Nobel prize 
winner Richard P. Feynman in the 1950’s. Feynman’s article, published in the Engineering and 
Science magazine, did not explicitly mention the word “nano” one single time.244 However, 
Feynman invited the reader to think about manipulating and controlling things on a small scale, 
staking out a new field of research, and awakening the interest of many scientists.245 Ever 
since, nanotechnology has become an ever-growing field with compelling applicability in the 
fields of physics, electronics, information technology, chemistry, biology and medicine. 
Currently, it is considered one of the key technologies of the 21st century.245 

The prefix “nano” derives from the Greek word “nános”, which means “dwarf” or something 
extremely small, and depicts one thousand millionth of a meter (10-9 m).246 The advent of 
nanotechnology and its fairly predictable potential to revolutionize human healthcare were thus 
the constitutive forces behind the establishment of nanomedicine as a research field. As such, 
nanomedicine consists of the implementation of nanotechnology-based strategies towards 
improved diagnostics and therapies, and it is now a paramount field of research in academia 
and industry. 

Over the years, the manipulation of materials at the nanoscale has resulted in the 
development of nano-sized biomedical devices, including prostheses and implants for a variety 
of applications.247-250 Also importantly, nanotechnology has enabled, by the use of drug 
nanocarriers, the delivery of poorly water-soluble drugs, including some that were previously 
considered undevelopable due to inherent suboptimal pharmaceutical properties, and to allow 
for targeted drug delivery with improved drug bioavailability and specificity, while reducing 
unwanted side effects.251-253 The impact of nanotechnology for therapeutic applications can 
also be flagged by the number of publications, patents and start-up companies in the field, 
which represent efforts gathered towards one common goal: bringing nanomedicines into the 
clinic.254 

Now that the field has matured enough, a wave of skepticism has emerged, grounded on 
the fact that several early promises of nanomedicine are still left unmet, and that the field has 
suffered from an unreasonably fueled hype.255 However, the current nanomedicine market and 
development pipeline are a clear indicator of the value proposition that nanomedicine-based 
products already play in healthcare.256 Nowadays, the clinical landscape accounts for over 50 
nanomedicines approved by regulatory agencies, which are used worldwide for a variety of 
applications.257-259 Some of the most recent examples, include Hensinfy® (hafnium oxide NPs), 
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Onivyde® (liposomal irinotecan), Ambisome® (liposomal amphotericin B) and Onpattro® (small 
interfering ribonucleic acid (RNA)-lipid NPs), the latter heralding the arrival of a new class of 
nucleic-acid-polymer-based medicines.260 Perhaps the loudest example, which recently 
brought the entire community working in nanomedicine into the spotlight, are the nanoparticle-
based vaccines used in the fight against COVID-19. The pandemic caused by the new 
coronavirus (SARS-CoV-2) took the world by storm, bringing together a global health crisis of 
unprecedented dimensions in modern history. Years of research have culminated in the record 
time fabrication, testing and approval of vaccines that rely on the use of lipid NPs to carry, 
protect and deliver messenger RNA (mRNA) intracellularly.261 These vaccines epitomize some 
of the ideas behind the concept of drug delivery, and represent a milestone for nanomedicine, 
which, at times, struggles to gain mainstream recognition due to commonly associated clinical 
translation challenges.261 Figure 8 shows a timeline of FDA approved nanomedicines for 
therapeutic delivery of biologics and small molecules, with their therapeutic value attributed, in 
part or as a whole, to their nanoscale molecular arrangement.253 In addition to the 
nanomedicines that are already in the market, another estimated 100 nanomedicine-based 
products are currently undergoing clinical trials,258,262 with at least 18 of them having started in 
the past 4 years. These numbers only reinforce the continuous interest in the development of 
new and improved nanotechnologies for medical applications.263

Advanced drug delivery systems keep evolving alongside an increasing understanding on
the complexities of human diseases. Therefore, researchers start now focusing on the use of 
smart thinking, and of a rational and realistic reasoning to improve the exploration and clinical 
impact of nanomedicine. Consequently, this new era seems more likely to realize the full 
potential of nanomedicine as a research field, and its capacity to revolutionize the treatment of 
different diseases.264

Figure 8. Timeline of FDA approved nanomedicines for therapeutic delivery of biologics and small 
molecules. The earliest date indicates the year of the first FDA approval for that formulation, with commercial name 
and indication. Additional influential formulations using that technology are also indicated. Figures not to scale. 
Abbreviations: COVID-19: coronavirus disease 2019; MRI: magnetic resonance imaging; SCID: severe combined
immunodeficiency disease. Adapted with permission from ref. [253]; Copyright © (2021) Elsevier.
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For the time being, the intravenous delivery of nanomedicines receives the most attention 
in both preclinical and clinical settings.262 This comes without surprise, since systemically 
delivered drug carriers can reach nearly all parts of the human body, thus being more likely to 
impact clinical care.262 However, as previously discussed, the intravenous drug administration 
relies on the use of invasive and painful injections, in some cases, multiple times per day, strict 
conditions of sterility during fabrication and storage, high costs and, ultimately, low patient 
compliance.91 Hence, it is important that public and private science funders and policy makers 
commit to the diversification of nanomedicine research, thereby equally stimulating the pursuit 
of nanomedicine-based treatment modalities for different diseases and routes of administration. 

 
2.4.1   Nanoparticles as drug carriers 

Whereas in 1892 Paul Ehrlich made extraordinary discoveries in adaptive and acquired 
immunity, paving the way for the identification, at a later stage, of the FcRn, nearly one decade 
later, it was also Ehrlich who proposed the term “magic bullet”: drugs capable of going straight 
to their intended cell-structural targets.265 Bearing this concept in mind, researchers have ever 
since been focused on the development of advanced drug delivery systems, on an 
uninterrupted wave of efforts to implement nanomedicine-based treatment modalities. 
Nanoparticles (NPs) eventually turned into the most heavily investigated drug carriers as 
means to overcome persistent challenges of drug delivery and are currently the leading edge 
in the field of nanomedicine.266,267  

Currently, the translation of NPs into the clinic is thought to be drastically below earlier 
projections. This might be explained by a lack of standardization in the manufacturing and 
approval procedures, lack of appropriate controls, poorly defined critical quality attributes and 
absence of clinically relevant animal models.268,269 Very recently, the implementation of 
universally standardized practices has been proposed as a mean to tackle these issues.270,271 
This discussion is, however, out of the scope of this literature review. 

Over the years, NPs have demonstrated potential to render encapsulated cargos with 
improved stability and solubility, to promote their transport across membranes, as well as to 
prolong their circulation time for increased safety and efficacy.272,273 Their exploration has also 
resulted in an increased resolution, sensitivity and specificity of clinical imaging, which enables 
early diagnostics and real-time results.274 Therapeutic agents can be encapsulated, embedded, 
adsorbed or conjugated onto nanosystems, or even further modified or associated to adjuvants 
for an optimized release profile and subsequent therapeutic action.274  
 
2.4.1.1   Types of nanoparticles 

The identification of materials that are immunologically inert, non-toxic and elicit the desired 
therapeutic response resulted in the fabrication of a myriad of NP systems, which can be 
divided into two main classes, according to their physicochemical properties: (i) organic and 
(ii) inorganic NPs. Each class features, however, multiple subclasses, and a broad number of 
advantages and disadvantages in terms of cargo, delivery and patient response.275 Moreover, 
the combination of organic–organic and organic–inorganic materials can be used to develop 
hybrid NP systems, which display a set of advantages over non-hybrid platforms.276 Lipid-
based, polymeric and inorganic NPs are some of the most commonly investigated types of 
nanosized platforms (Figure 9).275 

Lipid-based NPs are typically vesicular structures formed by phospholipids, surrounding at 
least one internal aqueous compartment (Figure 9a). The most common subsets of lipid-based 
NPs include liposomes, solid-lipid NPs and micelles.274 These systems are, overall, easy to 
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prepare at a large scale, biocompatible, biodegradable, capable of carrying payloads of 
different nature (e.g., hydrophilic, hydrophobic, and lipophilic – alone or in combination), and 
with high bioavailability, which turns them into the most common class of FDA-approved 
nanomedicines.274,275

Polymeric NPs are submicron-sized colloidal particles, which can be synthesized from 
natural or synthetic polymers, monomers or pre-formed polymers.274,275 They can be 
formulated to have a wide variety of structures and properties, and to enable the delivery of 
drugs, biomolecules and genes.274 The two most common forms of polymeric NPs are 
nanocapsules and nanospheres, which can be further divided into polymersomes, micelles 
and dendrimers (Figure 9b). Polymeric NPs are generally characterized by high bio-
compatibility and -degradability, moderate toxicity, and easily modifiable chemical 
structures.274 A number of polymeric NPs has also been approved by the FDA for clinical 
use.275

The exploration of inorganic materials in nanomedicine enabled the development of 
inorganic NPs, commonly known for their unique physical, electrical, magnetic and optical 
properties.275 Gold,277 iron,278 and silica279 are some of the most heavily explored inorganic 
materials, whose finely tuned properties have shown a tremendous potential in diagnostics, 
imaging and photothermal therapies, as well as to render the production of excellent carriers 
for drug delivery (Figure 9c). The versatility of inorganic NPs is also highlighted by the number 
of shapes in which they have been reported (e.g., nanospheres, nanostars, nanorods, 
nanoshells and nanocages).280 Most inorganic NPs highly stable and their uniqueness serves 
purposes otherwise unattainable by other types of nanosystems.275 However, low solubility and
toxicity concerns still represent a major issue in terms of their clinical application.

Oil

Figure 9. Main types of NPs. a) Lipid-based, b) polymeric, and c) inorganic NPs are some of the most commonly
investigated platforms in nanomedicine, featuring a set of advantages and disadvantages that are inherent to their 
size, morphology, physical and chemical properties. Adapted from ref. [275]; Copyright © (2021) Nature Publishing
Group.
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2.4.1.2   Nanoparticle properties

The performance of a NP platform is determined by an assortment of modifiable characteristics 
such as architecture (size, shape and charge), surface and material properties, 
responsiveness to endogenous and/or exogenous triggers, and targeting (Figure 10). Particle 
size is one of the most crucial features that dictate the success of a nanosystem, as it directly 
affects, for instance, the loading capacity, release behavior, stability, and biodistribution of a 
therapeutic agent, as well as cellular uptake efficiency, internalization and toxicity.95,281 Despite 
the great efforts done in this area, it is still challenging to draw general conclusions. However, 
a few trends can now be trusted: there is an optimal NP size for efficient endocytosis, 
regardless of the composition of the NP; this critical size may vary according to the surface 
properties of the NP and cell type; small NPs are more likely to be internalized by passive 
transport mechanisms than large NPs; and, under similar conditions, small NPs have higher 
probability of causing cytotoxicity.281

The shape of a NP, in turn, affects its diffusivity and adhesion to cells. It has been reported 
that spherical NPs are more efficiently internalized, as they are symmetrical, and therefore, 
have a constant contact angle with the cells, whereas NPs with other intricate shapes depend 
on a specific orientation to be internalized.282 Simulation studies have also suggested that 
nanoscale surface roughness (i.e., local protrusions or depressions) greatly minimizes 
repulsive forces, and therefore, promotes adhesion of NPs to the cells, favoring their 
engulfment.283

Surface chemical properties influence the dispersibility and stability of NPs in aqueous 
media, drug entrapment and, also importantly, the way NPs interact with biological systems. 
Overall, strong surface charge (either positive or negative) is often advocated to guarantee 

– +

Figure 10. Key properties to consider for the design of NP platforms. NPs can be modularly assembled from
a variety of materials with different architectures (size, shape and charge) and surface properties, responsiveness
to endogenous and/or exogenous triggers, and functionalized with a myriad of targeting ligands. Such flexibility and
design freedom allow for seemingly endless permutations of their properties, which can be precisely tailored to 
serve different therapeutic applications. Adapted from ref. [275]; Copyright © (2021) Nature Publishing Group.
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colloidal stability.95 Additionally, positively charged NPs have shown to be more efficiently 
internalized by cells, whereas neutrally charged NPs were reported to avoid non-specific 
interactions in in vivo contexts.284,285 

The use of materials that can respond to stimuli is another key feature to consider when 
designing a NP platform (Figure 10). Over the years, a variety of strategies and materials have 
been investigated to release drugs from nanocarriers in a stimuli-responsive fashion. The 
stimuli may vary from endogenous triggers (e.g., acidic or hypoxic cellular environment, 
presence of enzymes, pH variations or other metabolic shifts) to exogenous triggers (e.g., light, 
sound waves or radio frequencies, which are controlled from outside the body).275 

Targeting approaches represent one of the most exciting opportunities for drug-loaded 
nanocarriers to outperform their free drug counterparts. Antibodies, carbohydrates, cell-
surface receptors, vitamins and peptides are some of the most commonly used moieties to 
functionalize the surface of drug delivery systems (Figure 10).275 Targeting ligands possess 
an inherent ability to direct NPs for selective and/or specific recognition by molecules or sites, 
including cells or pathogenic tissues.286 This strategy can be used not only to increase the local 
concentration of the drug where it is supposed to exert its therapeutic effect, but also to 
minimize or avoid off-target effects on healthy tissues.286 The exploration of targeting research 
has led to the development of systems that incorporate multiple targeting ligands, thereby 
enabling the implementation of combined strategies in a single NP.287 
 
2.4.2   Techniques for the preparation of nanoparticles 

Recent years have witnessed unprecedented advances in nanotechnology research, which 
enabled the establishment of a variety of methods to synthesize NPs. The manipulation of 
materials at the nanoscale poses unsurprisingly great challenges, which come along with the 
ultimate goal of achieving NPs with consistent and well-defined properties.288 Concurrently, 
manufacturing processes must ensure reproducibility (i.e., reduced batch-to-batch variation) 
and take into account the production rate, since, in the long run, it may dictate the success of 
their translation from a small scale to an industrial batch level. 

NPs are commonly prepared by two basic approaches: “top-down” and “bottom-up”. In 
“top-down” approaches, the synthesis begins from a bulk counterpart, which is systematically 
leached out, bit-after-bit, until the generation of fine NPs.289 Commonly used “top-down” 
methods include lithography, milling, anodization, ion and plasma etching, among others.289 
The “bottom-up” approaches, in turn, consist of the coalescence or assembling of atoms and 
molecules towards the generation of a diverse range of NPs.289 These include fabrication 
methods such as single or double emulsions, nanoprecipitation, self-assembly, desolvation, 
ionic gelation, salting out, spray drying, solvent evaporation and supercritical fluid, among 
several others.290,291 

Emulsions, for instance, consist of stable mixtures of two or more immiscible liquids that 
are held in suspension. These mixtures can lead to the formation of different types of emulsions 
with applicability in pharmaceutical research, such as water-in-oil (W/O), oil-in-water (O/W), 
oil-in-water-in-oil (O/W/O) or water-in-oil-in-water (W/O/W).292 Emulsions are usually 
thermodynamically unstable, due to the natural tendency for a liquid/liquid interface to separate, 
as droplets coalesce to minimize the Gibbs free energy of the system.292 Nonetheless, this 
effect can be counteracted by the use of surfactants and stabilizers. Emulsion techniques such 
as double or multiple emulsions are of particular relevance for drug delivery purposes, since 
they are able to provide considerably high encapsulation efficiency of payloads.292 
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Nanoprecipitation, also known as solvent displacement or interfacial deposition method, 
relies on the use of two solvents that are miscible in each other.293 Typically, a drug and a 
polymeric material are dissolved in a water-miscible organic solvent (e.g., acetone or 
methanol), and this mixture is slowly added to an aqueous phase under stirring. The utilization 
of a surfactant in the aqueous phase is essential to impart stability and avoid NP aggregation. 
In this technique, NPs are almost immediately formed through rapid solvent diffusion, and the 
solvents are subsequently removed.294 Nanoprecipitation is relatively simple and low energy 
consuming, widely applicable without the need for additives, and enables the production of 
well-defined particles with narrow size distribution.294 Despite being more commonly used for 
the entrapment of hydrophobic drugs,295 it has also been used for the incorporation of 
hydrophilic drug molecules.296 

Desolvation is often used for the synthesis of polymeric and protein NPs, owing to its ease 
of preparation and reproducibility. Desolvation is a thermodynamically driven self-assembly 
process, in which two miscible solvents are used, without the involvement of factors known to 
affect the structure of proteins, such as heating, sonication or high shear rate.297,298 Usually, a 
desolvating agent (e.g., ethanol or acetone) is added dropwise into an aqueous solution under 
continuous stirring, generating homogenous aggregates with narrow size distribution, which 
may be further stabilized by chemical cross-linking.299 The size and drug content of the 
generated NPs depend on a variety of factors, such as ionic strength, agitation speed, amount 
of desolvating agent, pH, and concentration of the cross-linking agent.298  

Other techniques commonly used for the synthesis and preparation of NPs, but which are 
out of the scope of this literature review, can be found extensively reviewed elsewhere.289,294 
Despite the relative success of the use of conventional techniques for the formulation of 
nanosized drug delivery systems, poor control over NP preparation, high batch-to-batch 
variation and compromised scale-up feasibility are often pointed out as the main reasons 
behind their slow translation into clinical applications.300 In this regard, multiple studies have 
been shedding a light on the impact that mixing kinetics play on properties of the NPs, such as 
size, polydispersity and drug loading efficiency.301-304 Amidst several mixing techniques, 
microfluidics has been receiving the most attention, due to its potential to overcome persistent 
challenges associated with conventional NP preparation techniques. 

 
2.4.2.1   Microfluidics and microfluidic-assisted nanoparticle production 

The first reports of microfluidic systems date back to the early 1950s, with applications that 
land far from drug delivery.305 Yet, during the last decades, microfluidics has become a 
foundational concept behind the development of miniaturized systems for healthcare-related 
applications. Microfluidics is the science and technology that allows the manipulation of 
nanoliter and sub-nanoliter volumes of fluids (10-9 to 10-18 liters) inside of channels with 
dimensions of tens to hundreds of micrometers.306 The miniaturization of fluidic operations is 
particularly compelling for a variety of applications, and the materials, technologies, flow 
patterns, devices and device geometries, as well as the mechanisms of microfluidic synthesis 
of NPs are as broad as human creativity. 

Microfluidic platforms provide high-throughput, reproducible and low-cost alternatives to 
conventional bulk methods for the production, screening and optimization of drug delivery 
systems.307 Indeed, microfluidics allows for a hitherto limited control over the mixing rates 
between solvent and non-solvent phases.308 The miniaturized fluidic channels allow for a 
substantial reduction in the volumes of reagents needed,309 and their composition allows for 
the use of diverse constituent fluids, thereby enabling the preparation of highly homogeneous 
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and monodisperse colloids of a variety of chemical compositions.26,310-314 Moreover, 
microfluidics provides the ability to load different cargos, including therapeutics, targeting 
moieties and/or imaging modalities, with a theoretical efficiency of 100%.26,312,315 One of the 
most important features of microfluidics is the possibility to achieve laminar flows inside the 
channels.316,317 Achieving a laminar flow depends, however, on a variety of factors, such as 
the Reynolds number (a dimensionless number that expresses the ratio of inertial to viscous 
forces), the flow ratio (i.e., the ratio between the flow rate of the different phases), and the 
capillary number (defined by the ratio between viscous forces and surface tensions between 
liquids).316,317 Furthermore, short diffusion distance between molecules accelerates the mixing 
time, and thereby enhances the mixing efficiency.306 Ultimately, microfluidics enables the 
production of particles with extremely high yield, otherwise unattainable by bulk methods, and 
which could be even further increased by simply connecting devices in series, or the use of 
multiple devices in parallel.318,319 

Over the years, microfluidic devices have been produced from a variety of substrates, 
including glass, poly(dimethylsiloxane), poly(methylmethacrylate), polytetrafluoroethylene, 
polycarbonate, polystyrene, hydrogel molds, silicon and fused silica, cyclic olefin copolymer, 
and stainless steel, among others.254,310 Glass capillary microfluidics has received great 
attention due to advantageous properties that are inherent to the glass itself. Glass is cheap 
and chemically inert, presents excellent optical properties, a smooth surface and low electrical 
conductivity.320 Moreover, glass capillaries can be easily shaped, and resist to organic solvents 
and high temperatures, without compromising the integrity of the chip.321,322 

Glass capillary microfluidic devices are generally prepared by simultaneously heating and 
pulling circular glass capillaries, which result in the creation of a tapered geometry that 
culminates in a fine orifice.323 These capillaries are then slid and coaxially aligned into round 
or square capillaries, and glued onto glass slides to form the microfluidic device.323 If needed, 
their surfaces can then be turned into hydrophilic or hydrophobic by chemical 
modification.309,316,323 The disposition of the capillaries dictates its geometry, which varies 
according to the intended purpose. 

The versatility of glass capillary microfluidics lies largely on possibility to create platforms 
with a great variety of geometries (Figure 11). Single emulsions, for example, are typically 
achieved by three main geometries: flow focusing, co-flow, and T-junction (Figure 11a-c), 
whereas double/multiple emulsions are mainly prepared by combining different geometries 
(Figure 11d-g). Moreover, microfluidics can be used to prepare Janus particles, which 
possess two distinct sides with different compositions, through the co-flow of two separate 
streams inside the same channel (Figure 11h).309,310 While most of these geometries yield the 
fabrication of microsized particles, this literature review will briefly focus on the co-flow 
geometry, as it is the one enabling the fabrication of particles at the nanoscale.310 Other 
geometries employed for the fabrication of advanced drug delivery systems can be found 
reviewed elshewere.309 

Indeed, the production of NPs by microfluidics relies on the use of a co-flow geometry, 
consisting on the three-dimensional coaxial flow of two miscible solvents (Figure 11b).309,322 
In this geometry, a cylindrical inner capillary is slid and coaxially aligned into an outer capillary, 
with the fluid streams from both capillaries flowing in parallel.323,324 Individual droplets are 
periodically formed at the orifice of the inner capillary, where both solvents meet. For the 
formation of NPs to occur, a low concentration of particle precursors is required, so that 
microdroplets can shrink tens to hundreds of times into a nanoscale-sized particle.325 When 
both fluids are pumped at low rates, individual droplets grow spherically at the tip of the inner 
capillary, until the viscous drag exerted by the coaxial flow exceeds the interfacial tension, in 
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a process called dripping flow regimen. By contrast, a jetting flow regimen is achieved when 
using faster flows (either from inner or outer fluids), within a certain critical limit, resulting in the 
formation of a stream of the inner fluid that breaks into smaller droplets further downstream.323

Different flow regimens yield NPs with different properties, with higher or lower degrees of 
homogeneity.323

2.5   Nanoparticles for oral anti-diabetic drug delivery
Success in the oral delivery of anti-diabetic drugs could represent a paradigm shift in DM
management and improve the quality of life of millions of patients. As discussed earlier in this 
literature review, oral delivery is the preferred form of drug administration, but orally delivered 
compounds need to overcome a myriad of hurdles throughout the GIT before reaching their 
target and still achieve therapeutic levels. Naturally, the same applies for orally administered 
nanomedicines. 

Indeed, the unique and complex physiology of the GIT includes wide pH variations, several 
cell types, mucus layers that vary in composition and thickness, and a set of physiological 
functions. While such diverse physiology may be perceived as a serious challenge and a 
barrier to efficient drug delivery, it also provides exciting opportunities for NP design.19

Therefore, a broad range of design and fabrication aspects has been heavily investigated 
towards the generation of drug nanocarriers that can efficiently tackle the limitations faced by 
orally delivered formulations. Over the years, NPs generated by the interplay between such 
aspects have shown to: (i) improve drug stability in the harsh GIT conditions; (ii) enhance 
transmucosal delivery; (iii) enable the targeting of specific cells/sites (e.g., stomach or
intestine); (iv) increase drug solubility and bioavailability; and (v) allow for a spatially and 
temporally controlled drug release.19 The success of NP-based oral anti-diabetic drug delivery 
depends thus on a rational development of NPs that can face the challenges imposed by the 
GIT and trigger an efficient therapeutic outcome. The following sub-sections focus on types of 
NP platforms, enteric coatings/pH-responsive carrier systems, and NP targeting as the three 
key players in the development of nanocarriers for oral drug delivery, particularly, in DM 
management.

Figure 11. Microfluidic platform geometries for the development of micro- and nanoparticles. Single
emulsions can be prepared using a) flow-focusing, b) co-flow and c) T-junction geometries. Double/multiple
emulsions can be prepared from combining geometries, such as co-flow combining flow focusing with d) one inner
fluid and e) two inner fluids, f) sequential co-flows, and g) sequential T-junction. h) Janus particles can be obtained
using two parallel inner flows. Adapted from ref. [309]; Copyright © (2017) The Royal Society of Chemistry.
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2.5.1   Nanoparticle platforms for the management of diabetes 

NPs for DM management have mostly been proposed as carriers of insulin and GLP-1 
analogues, although other classes of anti-diabetic drugs, such as metformin or exatenide, have 
also been investigated.234,326,327 In this context, NP-based drug carrier systems have been 
constructed from a great variety of materials and can be divided into five main classes: (i) 
natural polymeric NPs; (ii) synthetic polymeric NPs; (iii) lipid-based NPs; (iv) inorganic NPs; 
and (v) nanosuspensions. 

Natural polymeric NPs explored for anti-diabetic drug delivery include chitosan-, alginate-, 
and dextran-based NPs.326 Synthetic polymeric NPs include poly lactic-co-glycolic acid (PLGA) 
NPs, polyallylamine NPs, poly(lactic acid) (PLA) NPs, niosomes, poly(amidoamine) (PAMAM) 
dendrimers, polymeric micelles, and Eudragit®-based NPs.326 Lipid-based nanocarriers, in turn, 
have been prepared in the form of solid lipid NPs (SLNs), liposomes, nanostructured lipid 
carriers (NLCs) and nanoemulsions for anti-diabetic drug delivery.326 Inorganic nanocarriers 
investigated for DM management include gold, zirconium phosphate (ZrP), silica and porous 
silicon NPs.326 Drug nanosuspensions, often referred to as drug nanocrystals, consist of 
particles with sizes up to 1 μm, in which drugs are in the solid state, surrounded by a hydrophilic 
surfactant in aqueous dispersion, and have been proposed to improve the solubility of anti-
diabetic drugs such as glibenclamide and glimepiride.328,329 Overall, these NP platforms have 
all been investigated, to a smaller or larger degree, with higher or lower likelihood of success, 
towards therapeutic outcomes that range from lowering blood sugar levels to prolonging 
hypoglycemia or other glucoregulatory effects. 

A summary of the mainly investigated platforms, loaded drugs, routes of administration and 
key in vivo effects is presented in Table 3. The intricacies of the composition, physicochemical 
properties, methods of preparation and administered doses are reviewed in detail 
elsewhere.326,330 In light of the work developed herein, this literature review will focus on the 
use of porous silicon and its potential as drug carrier for oral anti-diabetic drug delivery. 
 
Table 3. Summary of nanoparticulate delivery systems of relevance described for the management of 
DM, their route of administration and key in vivo effects. Adapted from ref. [326]. 

Type of system Loaded drug Admin. route In vivo effects Ref. 

Natural polymeric nanoparticles 

Chitosan NPs ▪ Insulin ▪ Oral ▪ BSL reduction 
▪ Increased mucus permeation 
▪ Ability to open tight junctions 
▪ Prolonged hypoglycemic effect 
▪ Biodistribution: stomach, small and 
large intestine, kidney, urinary 
bladder 

331-337 

Alginate-based NPs ▪ Insulin ▪ Oral ▪ BSL reduction 
▪ Prolonged hypoglycemic effect 
▪ NP adhesion to intestinal 
epithelium 

338-342 

Dextran-based NPs ▪ Insulin ▪ Oral ▪ BSL reduction 
▪ Prolonged hypoglycemic effect 

343-348 

Synthetic polymeric nanoparticles 

PLGA NPs ▪ Insulin 
▪ GLP-1 analogs 

▪ Oral ▪ BSL reduction 
▪ Prolonged hypoglycemic effect 
▪ Enhanced insulin protection from 
enzymatic activity 

349-351 
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Polyallylamine NPs ▪ Insulin ▪ Oral NA (in vitro studies only) 352-354 

PLA NPs ▪ Insulin ▪ Oral ▪ BSL reduction 
▪ Prolonged hypoglycemic effect 
▪ Biodistribution: spleen, kidney, 
liver, heart, lungs 

233,355,

356 

CPP-modified 
polymeric NPs 

▪ Insulin 
▪ GLP-1 analogs 

▪ Oral ▪ BSL reduction 
▪ Improved insulin stability and 
absorption 
▪ Slow clearance from the organism 

357-361 

Niosomes ▪ Insulin 
▪ Metformin 
▪ Metformin HCl 
▪ Repaglinide 
▪ Pioglitazone 
▪ Gliclazide 

▪ Oral 
▪ Vaginal 

▪ Enhanced insulin permeation 
▪ Prolonged hypoglycemic effect 
▪ Enhanced bioavailability 362-366 

Eudragit®-based 
NPs  

▪ Insulin ▪ Oral ▪ BSL reduction 
▪ Increased mucoadhesive 
interactions 
▪ Enhanced insulin protection from 
enzymatic activity 
▪ Enhanced insulin biological activity 

367-370 

Dendrimers ▪ Insulin 
▪ Calcitonin 

▪ SC injection 
▪ IP injection 

▪ Enhanced glucoregulatory effects 371-373 

Micelles ▪ Insulin ▪ Oral ▪ Prevented aggregation of insulin 
▪ Enhanced bioavailability 
▪ Self-regulated insulin delivery 

374-377 

Lipid-based nanoparticles 

SLNs ▪ Insulin ▪ Oral ▪ BSL reduction 
▪ Enhance drug absorption 
▪ Enhanced insulin protection from 
enzymatic activity 

378-382 

Liposomes ▪ Insulin  
▪ GLP-1 analogs 
▪ Metformin 

▪ Oral ▪ Hypoglycemic effect  
▪ Enhanced insulin absorption 
▪ Improved oral bioavailability 

383-386 

NLCs ▪ Bailcalin 
▪ Quercetin 

▪ Oral ▪ Improved oral bioavailability 387,388 

Nanoemulsions ▪ Insulin 
▪ CLnA isomers 

▪ Oral ▪ BSL reduction 
▪ Prolonged hypoglycemic effect 
▪ Potent nutraceutical effects 

389,390 

Inorganic nanoparticles 

Gold NPs ▪ Insulin ▪ Oral 
▪ Intranasal 

▪ BSL reduction 
▪ Prolonged hypoglycemic effect 
▪ No induced toxicity 

391-393 

ZrP NPs ▪ Insulin ▪ Oral NA (in vitro studies only) 394,395 

Silica and PSi NPs ▪ Insulin 
▪ GLP-1 analogs 

▪ Oral ▪ BSL reduction 
▪ Controlled drug release 
▪ Increased drug absorption 

47,351,3

96-398 

Nanosuspensions 

Drug 
nanosuspensions 

Glibenclamide 
Glimepiride 
Gymnemic acids 
Berberine 

▪ Oral ▪ BSL reduction 
▪ Improved drug solubility 
▪ Improved bioavailability 

328,329,

399-401 

Abbreviations: BSL: blood sugar levels; CLnA: conjugated linolenic acid; CPP: cell penetrating peptide; GLP-1 analogs: 
glucagon like peptide-1 receptor agonists; HCl: hydrochloride; IP: intraperitoneal; NLC: nanostructured lipid carriers; NPs: 
nanoparticles; PLA: poly(lactic acid); PLGA: Poly lactic-co-glycolic acid; PSi: porous silicon; SC: subcutaneous; SLN: solid lipid 
nanoparticles; ZrP: zirconium phosphate. 
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2.5.2   Porous silicon 

The discovery of porous silicon (PSi) resulted from a fortuitously event back in 1956. Arthur 
Uhlir Jr. and Ingeborg Uhlir, a husband and wife team working at Bell Laboratories, first 
reported this material as an unwanted side product of the electrolytic shaping and polishing of 
silicon surfaces.402 Interestingly, the porous nature of this material was only recognized 15 
years later, in 1971, by Watanabe and Sakai.403 These researchers were probably the first to 
create highly microporous silicon, albeit without realizing it. In the early 1990s, Leigh Canham, 
concurrently with Lehmann and Göselle, hypothesized that Si filaments with high porosity 
displayed quantum confinement effects, which led to the demonstration that silicon wafers 
could emit visible photoluminescence when subjected to chemical and electrochemical 
dissolution.404,405 These discoveries represented important milestones in the exploration of 
PSi-based materials, and set the path towards an ever-growing interest on their potential. Later, 
PSi was found to act as a bioactive material, with promising biodegradability and 
biocompatibility, redirecting its study towards biomedical applications.406-408 Exquisite 
properties of PSi materials such as controllable pore size, large surface area, high loading 
capacity, controlled release, mechanical stability and tunable surface chemistry enabled their 
use for a vast number of therapeutic purposes, particularly in the field of drug delivery, and 
explain their current popularity.407,409-414 

Since the discovery, significant progress has been made in the fabrication and surface 
modification of PSi materials, fine-tuning of their physicochemical properties, and on the 
understanding of their interactions with biological systems. More than 40 different fabrication 
routes have been reported for PSi, using a variety of “top-down” and “bottom-up” 
approaches.415 “Top-down” methods rely on the generation of voids in monocrystalline silicon 
wafers by chemically and/or physically removing atoms from the silicon substrate, thereby 
creating highly directional porosity.415 In turn, “bottom-up” methods rely on assembling silicon 
clusters together, which leave voids behind, so that, while establishing a crystalline form, a 
porous structure can be obtained.415  

The most commonly used processes for obtaining PSi rely on electrochemical anodization 
of monocrystalline silicon wafers in aqueous or non-aqueous electrolytes containing 
hydrofluoric acid (HF).414,416,417 Conditions like current density, resistivity, HF concentration, 
wafer type, temperature, time, chemical composition of the electrolytes and electrolyte stirring, 
crystallographic orientation, illumination intensity, and wavelength determine intrinsic 
properties of the final PSi products, such as pore size and shape, overall porosity, and 
thickness of the pore layer.415 The degree of reproducibility of this process depends on the 
optimization of these parameters and their maintenance throughout the preparation processes. 

Freshly etched PSi materials present a reactive surface consisting of hydrophobic Si 
hydride terminals (Si-Hx), being therefore unstable and susceptible to rapid oxidation.410 The 
stabilization of these materials can be achieved by a variety of surface modifications, including 
controlled oxidation, hydrosilation, thermal carbonization (TC), thermal hydrocarbonization 
(THC), and biofunctionalization.408,410,414 Salonen and co-workers developed TC and THC 
methods that are now widely used to leverage the stability of PSi materials,418,419 and rely on 
the thermal addition of carbons from acetylene molecules onto the surface of native PSi.418 
These processes occur at high temperatures, with acetylene being flushed at above 700 °C 
for TC, and between 450–680 °C for THC, yielding the fabrication of hydrophilic TCPSi and 
hydrophobic THCPSi, respectively.418,419 Interestingly, the surface of THCPSi can be further 
modified with carboxylic acid functional groups (–COOH) by thermal treatment with 
undecylenic acid.420,421 As such, the resulting undecylenic acid-modified THCPSi (UnTHCPSi) 
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benefit from an enabled capacity to be conjugated with a myriad of molecules, including 
polymers, fluorescent dyes and targeting ligands, among others, which is a key feature for their 
application in nanomedicine. 

The biocompatibility and biodegradability of PSi materials are of utmost importance when 
envisioning their therapeutic applications. PSi is reported to degrade into orthosilicic acid 
[Si(OH)4] by oxidative hydrolyses when in aqueous solutions.422 Also importantly, Si(OH)4 is 
the natural bioavailable form of silicon, which is freely diffusible in human tissues, 
biocompatible, and can be readily excreted by renal clearance.408,423-425 The rate at which PSi 
is degraded is directly associated with factors such as pore size and volume, degree of 
crystallinity, surface area, surface chemistry, and pH of the medium.426-430 For instance, 
increased porosity and surface area lead to an extension of the hydrolysable surface and, 
consequently, to a faster degradation.427 Surface chemistry, in turn, affects the hydrophilicity 
of PSi materials, and therefore, their wettability, and determines the chemical reactivity to 
oxidation and hydrolysis, thereby also playing a key role in degradation.422,428,429 
 
2.5.2.1   PSi-based particles 

Based on its tremendous potential, PSi has secured its place on the radar of nanomedicine 
research. In this context, the abovementioned anodization of silicon wafers in ethanolic HF 
solutions is generally followed, in a “top-down” approach, by processes of micronization, milling 
or high-pressure homogenization to form micro- or nanoparticles.417,431-433 Additionally, 
microfabrication techniques can be used to produce PSi microparticles with discoidal shape or 
microneedles, whereas “bottom-up” techniques may be used to fabricate microcrystalline PSi 
NPs.424,434,435 The advantages offered by the use of PSi particles as drug carrier systems are 
summarized in Figure 12. 

The loading of drugs into the tunable pores of PSi particles can be achieved by immersion, 
impregnation, oxidation-induced trapping or covalent attachment.436 The efficiency of this 
process depends, however, both on the pore volume and surface area, and on the properties 
of the drug itself, such as viscosity or surface tension. Different loading techniques also render 
different release profiles. Over the years, PSi particles have shown success in loading and, 
importantly, on the delivery of a myriad of therapeutics, including small molecules, proteins, 
peptides, antibodies and nucleotides.432,437-442 Furthermore, PSi particles have shown to 
enhance the solubility of poorly water-soluble drugs.443,444 This is mainly imparted by the fact 
that PSi confines drugs in an amorphous-like or nanocrystalline form, which have higher 
solubility than their crystalline counterparts.445,446 

The possibility to functionalize the surface of PSi particles provides another set of exciting 
opportunities. This feature has been widely explored, with PSi particles being modified, for 
instance, to prevent premature drug release, increase gastric mucoadhesion, or target multiple 
cells or tissues (healthy or pathological), with the aim of yielding site-specific drug release 
and/or intracellular uptake.447-450 

A vast number of studies have shown the suitability of PSi micro- and nanoparticles to be 
used in the treatment or diagnosis of a variety major health issues such as cancer,451,452 
autoimmune disorders,453,454 diabetes,455-458 cardiovascular diseases,459-461 and acute liver 
failure,462 to name a few. Altogether, the numerous advantageous properties offered by PSi 
particles in therapeutic contexts seem to reasonably explain their ongoing exploration and 
interest. The technical and commercial challenges faced by this technology in terms of bench-
to-bedside translation into clinical nanomedicines are, however, still uncertain. 
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2.5.2.2   Anti-diabetic drug delivery via PSi-based particles

Even though PSi NPs have been reported for varying purposes in the management of DM, 
such as the delivery of antibodies for improving diabetic wound healing,463 this literature review 
will focus on their use as protein and peptide carriers for glucoregulatory purposes. In 2003, 
Foraker and co-workers reported, for the first time, the use of PSi particles to deliver protein 
molecules, with the aim of increasing insulin permeation across Caco-2 cell monolayers.464 In 
this study, PSi microparticles were generated with dimensions ranging from 150 × 150 × 25 
μm to 240 × 240 × 25 μm, a pore distribution of 20–100 nm, and an average surface area of 
approximately 23–57 μm2. The apical surface area of a Caco-2 cell is ca. 15 μm2, and therefore, 
a single particle was envisioned to span 10 to 20 cells in each direction, theoretically covering 
100–400 cells.464 The PSi particles were loaded with insulin, and incorporated varying doses 
of sodium laurate as a suitable permeation enhancer. The authors observed that insulin 
permeation rates across Caco-2 cell monolayers occurred nearly ten times faster when the 
drug was loaded into PSi delivery vehicles over a free insulin solution.464 The increasing 
number of studies that followed Foraker’s discovery revealed that efficient PSi particle-based 
protein or peptide delivery depends on a series of factors, including the nature of the drug 
molecule itself, particle size, pore size, surface chemistry and loading conditions (e.g., pH and 
composition of the loading medium).465-467 Moreover, electrostatic and hydrophobic interactions 
have shown to play a key role during protein or peptide adsorption onto the PSi pores.465,468

Bimbo and co-workers, for instance, studied the behavior of thermally oxidized PSi (TOPSi) 
particles of different sizes (nano- and micro-sized) when interacting with Caco-2 cell 
monolayers.439 For this purpose, three batches of NPs were used, with sizes of 97, 125 and
164 nm, respectively. All NPs had an average zeta (ζ)-potential of −33.67 ± 4.40 mV, specific 
surface area of 177 m2/g, average pore diameter of 15.7 nm, and pore volume of 0.636 cm3/g. 
In parallel, two batches of microparticles were also used, with sizes of 1–10 μm (batch 1) and 
1–25 μm (batch 2). The microparticles had a surface area of 202 m2/g, average pore diameter 

Figure 12. Advantages of PSi-based particles. PSi particles are attractive for biomedical applications, particularly
in drug delivery, due to their advantages, which include a controlled architecture, high drug loading capacity,
controlled drug release, biocompatibility and biodegradability, mechanical stability, and tunable surface
modification.
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of 9.2 nm, and pore volume of 0.638 cm3/g. The five batches of particles were incubated with 
Caco-2 cells at concentrations ranging from 15–250 μg/mL. Overall, the authors observed a 
concentration- and size-dependent cellular toxicity for all the delivery systems. More 
importantly, even though there was no evidence of NPs being transported across the cells, the 
use of such nanocarriers resulted in a significant increase in the cellular permeation of a poorly 
water-soluble drug when compared to its free drug counterpart.439 

In another study highlighting the potential of PSi particles as promising oral drug delivery 
systems, Shrestha and co-workers investigated the effects of PSi microparticles with different 
surface chemistries on insulin loading and delivery across Caco-2/HT29 cell monolayers.457 
For this purpose, insulin was loaded into the pores of annealed thermally hydrocarbonized PSi 
(AnnTHCPSi) and annealed undecylenic acid modified thermally hydrocarbonized PSi 
(AnnUnTHCPSi). Despite the different surface chemistries, both systems presented pore sizes 
of ca. 40 nm, specific surface areas of ca. 110 m2/g, ζ-potentials of ca. −32 mV and, also 
importantly, loading degrees of ca. 22% ( ). Drug-loaded AnnUnTHCPSi NPs were further 
coated with chitosan (CS) via different methods (physical adsorption and chemical 
conjugation). After the modification with CS, the ζ-potential of the NPs increased drastically 
from negative (−32.7 mV) to +34.1 mV (for physically adsorbed CS) and +38.8 mV (for 
chemically conjugated CS). Overall, the incorporation of insulin into PSi particles showed to 
significantly augment the permeability of the drug across the cell monolayers. Particularly, CS-
conjugated PSi particles showed a 20-fold increase in the amount of insulin that permeated 
the in vitro cell culture model when compared to the free drug. PSi served thus as an excellent 
carrier for insulin, whereas CS improved its efficient delivery, due to its ability to increase 
muchoadhesion and opening the tight junctions for paracellular drug permeation.457 A similar 
effect was observed, later on, for the delivery of GLP-1.458 Here, the authors compared the 
performance of UnTHCPSi with PLGA NPs and SLNs, all coated with CS. The addition of CS 
resulted in an increase of the size of the native NPs from 183 to 198 nm for the PLGA NPs, 
from 217 to 224 nm for the SLNs, and from 197 to 363 nm for the UnTHCPSi NPs. More 
importantly, the negative surface charge of all the NP types was drastically increased to 
positive upon the addition of CS. Overall, UnTHCPSi NPs showed the highest loading degree 
(17% [ ]) and association efficiency (85% [ ]), which was 100 times higher than that of 
SLNs and PLGA NPs, with GLP-1 being released from the pores in a sustained manner when 
incubated with biological fluids. UnTHCPSi NPs also showed the highest drug permeation 
across intestinal in vitro models.458 

In 2015, Araújo and co-workers reported, for the first time, the co-delivery of GLP-1 and 
iDPP4, on an investigation using PSi-based NPs.455 In this study, GLP-1-loaded UnTHCPSi 
NPs were conjugated both with CS and an oligoarginine cell penetrating peptide (CPP), 
presenting a final size of ca. 320 nm, a surface charge of ca. +19 mV, and a loading degree 
and association efficiency of 7.5% ( ) and 75% ( ), respectively. The particles were 
ultimately encapsulated with an enteric polymer containing iDPP4 in solution by microfluidics. 
The pH-responsive enteric coating showed capacity to protect the core, drug-loaded NPs from 
the harsh GIT conditions, with less than 5% of GLP-1 being released in these conditions. When 
reaching the pH conditions of the upper intestine, the core NPs were released. The 
modifications with CS and CPP resulted in stronger interactions with the intestinal cells in 
comparison to the unmodified ones. Moreover, the presence of iDPP4 decreased drastically 
the activity of this enzyme at the absorption site, yielding a ca. 1.5-fold increase in the amount 
of GLP-1 that permeated across the intestinal cells when compared to NPs without the enzyme 
inhibitor.455 A similar approach was reported in the literature afterwards, in which GLP-1-loaded, 
CS-conjugated UnTHCPSi were coated with an iDPP4-containing pH-responsive polymeric 



LITERATURE REVIEW 

 

 40  
 

solution, this time prepared by aerosol flow reactor technology, but with equally promising 
results.456 This NP platform presented a size of ca. 172 nm, with narrow size distribution, and 
a surface charge of −30.1 mV prior to surface modifications. After chemical conjugation with 
CS, the NP size and ζ-potential increased to 208 nm and +33.5 mV, respectively. The loading 
degree before and after modification with CS was ca. 12.6% and 14.2% ( ), respectively. 
On a follow-up study, the oral administration of these NPs in an in vivo diabetic animal model 
(250 μg of GLP-1 per kg of rat) resulted in a 32% reduction in blood glucose levels, along with 
a ca. 6.0-fold increase in pancreatic insulin content when compared to a GLP-1/iDPP4 
solution.397 

The in vivo administration of PSi NPs has been recently investigated also for oral insulin 
delivery. For this purpose, UnTHCPSi NPs were conjugated with L-cysteine-modified CS.398 
The core UnTHCPSi NPs presented a specific surface area of 252 ± 12 m2/g, a pore volume 
of 0.70 ± 0.04 cm3/g, and an average pore diameter of 11.1 ± 0.1 nm. The final formulation, 
which was chemically modified with CS, showed a size of ca. 244 nm and a positive ζ-potential 
(+ 21 mV). The oral administration of these NPs in diabetic rats (50 IU/kg) showed a 2.03-fold 
increase in insulin relative bioavailability when compared to an oral insulin solution. This effect 
may be attributed to an increased residence time of the NPs in the intestine, due to the 
establishment of disulfide bonds between the L-cysteine-modified CS on the surface of 
UnTHCPSi NPs and the L-cysteine rich subdomains of glycoproteins present in the mucus.398 

More recently, Rao and co-workers modified the surface of aminopropyl-functionalized PSi 
NPs with different components of poly(pyridyl disulfide ethylene phosphate)/sulfobetaine 
polymers for the development of NPs aimed at oral insulin delivery.469 The core PSi NPs 
showed a specific surface area of 219 ± 21 m2/g, a pore volume of 0.63 ± 0.09 cm3/g, and an 
average pore diameter of 9.53 ± 0.08 nm. The modification with different components of the 
aforementioned polymers resulted in the fabrication of different zwitterionic polyphosphoester-
modified PSi NPs, with sizes ranging from 183–250 nm, and loading degrees between 10.1 
and 12.3% ( ). After optimization studies, the final NP system yielded enhanced mucus 
penetration, cellular uptake and, importantly, a ca. 1.4–1.7-fold increase in the apparent 
permeability of insulin across Caco-2/HT29-MTX cell monolayers when compared to non-
functionalized NPs. Even more importantly, the oral administration of these insulin-loaded 
nanocarriers in diabetic rats (50 IU/kg) led to a 20% reduction of the blood glucose levels, and 
a 2-fold increase in oral bioavailability of insulin when compared to a free insulin solution.469 
Altogether, these studies provide a solid ground for the ongoing interest and pursuit of PSi-
based particles as promising carriers for anti-diabetic protein and peptide delivery. 
 
2.5.3   Enteric coatings and pH-responsive particulate systems 

As already discussed in this literature review, the GIT possesses high pH variations. For this 
reason, pH-sensitive NP systems are one of the key technologies in oral drug delivery, and 
consequently, in the oral administration of anti-diabetic drugs. Generally, pH-responsive 
systems are designed to survive the acidic environment of the stomach, and to disintegrate at 
the higher pH environments found in the intestine. 

Over the past years, pH-sensitive delivery systems have shown to improve the 
bioavailability of orally administered drugs by: (i) enhancing the stability of the payloads; (ii) 
preventing their degradation in the harsh stomach conditions; and (iii) enabling site-specific 
delivery in the different parts of the intestine.470,471 This pH-responsiveness can be achieved 
by the use of enteric coatings or the development of NPs of pH-sensitive nature. 
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Enteric coatings rely on the use of pH-responsive polymers, natural or synthetic, to cover 
a core NP structure.471 Several pH-responsive polymers have been investigated for the 
development of enteric coatings, including the FDA-approved poly(methacrylic acid-co-methyl 
methacrylate), commercially available under the name Eudragit® L, S and F, hydroxypropyl 
methylcellulose phthalate (HPMC-P) and HPMC acetate succinate (HPMC-AS).472 The 
combination of oppositely charged polymers, such as chitosan, sodium alginate, polyallylamine 
hydrochloride and polyacrylic acid (PAA), has also been explored to create pH-responsive 
coatings.473 Enteric coatings can be achieved through a variety of techniques, including 
physical adsorption,396 layer-by-layer technology,473 aerosol flow reactor technology,456 
supercritical anti-solvent process,474 and microfluidics.26 

The development of NPs whose core composition already consists of pH-sensitive 
polymers emerges as an equally promising strategy to overcome the harsh stomach conditions. 
In this case, no further enteric coating is needed. pH-sensitive nanosystems have been widely 
prepared from the abovementioned Eudragit® and HPMC.370,475-477 Hydrolyzed polyacrylamide-
grafted-xanthan gum,478 chitosan,479 PLGA,480 and lignin,481,482 among others, have also been 
used, alone or in combination with the former. This literature review will focus on the use of 
HPMC and lignin as pH-sensitive polymers of relevance for the development of oral drug 
delivery systems. 
 
2.5.3.1   Hydroxypropyl methylcellulose 

HPMC polymers possess carboxyl groups on the polymer side chains, which make them 
insoluble at the low pH of the stomach, but soluble at neutral or alkaline intestinal pH 
conditions.472 The pH value that determines the aqueous solubility of HPMC polymers can be 
adjusted by altering the amount of carboxyl groups (or other substituent groups) on their 
structure. For example, HPMC-P can be designed to dissolve at pH 5.0–5.5 by varying the 
amount of phthalate groups.472 HPMC-AS polymers, in turn, can be finely tuned to dissolve at 
pH values between 5.5 and 6.8, by modifying the amounts of methoxyl, hydroxypropyl and 
succinoyl groups on their cellulose backbone.483 

HPMC-AS was originally developed and marketed in 1986 by Shin-Etsu Chemical Co., Ltd. 
(Japan).484 As an FDA-approved polymer, HPMC-AS is widely used for pharmaceutical 
applications, and a growing number of studies rely on this polymer to enable the fabrication of 
pH-sensitive nanocarriers for, among several other drug molecules, insulin and GLP-1 
delivery.26,455,456 HPMC-AS number-average molecular weight ( ) is around 13,000, and the 
weight-average molecular weight ( ) is approximately 18,000. It is majorly amorphous, and 
has a glass transition temperature ( ) of 120 °C.484 HPMC-AS can be classified into six grades, 
according to its physicochemical properties. Grades F (fine) and G (granular) differ exclusively 
in the particle size. Grades L, M and H are, in turn, chemically different, and present varying 
pH solubility profiles (≥ 5.5, 6.0, and 6.8, respectively).483,484  
 
2.5.3.2   Lignin 

Lignin is a long-chain, water-insoluble, heterogeneous polymer, composed by three main 
phenylpropane units (p-hydroxyphenil, guaiacyl and syringyl), commonly linked by ether 
bonds.485 It is the encrusting material in which cellulose microfibrils are embedded, and the 
second most abundant organic material on Earth, after cellulose.486  

Lignocellulosic materials are composed of 30–50% of cellulose, 20–35% of hemicellulose 
and 15–30% of lignin, and vary according to their origin and species (e.g., softwood, hardwood 
or grass).487,488 The conversion of cellulose and hemicellulose into paper and fuels leaves lignin 
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as a byproduct.485 While 98% of the annually extracted lignin is burned for energy, only a small 
fraction finds its way towards chemical and material applications, such as the development of 
environmentally friendly polymers.489  

The low-value use of lignin and high costs associated with the processes of burning it for 
energy production have recently spurred research towards the conversion of lignin into more 
valuable products.489 This can be achieved by two main routes: (i) lignin can be depolymerized 
or broken into small molecular compounds; and (ii) natural lignin can be chemically modified.481 
Indeed, the presence of reactive functional groups in the structure of lignin allows for chemical 
modification, through processes like graft or block copolymerization, amination, nitration, 
hydroxyalkylation, and sulfomethylation.481 Such modifications turn lignin into a promising 
natural biomaterial for the development of advanced drug delivery systems, opening doors for 
its hitherto unexplored potential in nanomedicine. 

Very recently, lignin has emerged in the form of different nanostructured materials for 
therapeutic applications (e.g., NPs, nanotubes and nanofibers),490,491 which can be obtained 
through a variety of fabrication techniques (e.g., solvent exchange, sonication, anti-solvent 
precipitation, interfacial crosslinking and polymerization).491,492 Beyond its eco-friendly origin 
and the presence of functional groups in its structure, lignin has shown antioxidant activity, 
antibacterial activity, biocompatibility, biodegradability, low-biotoxicity, and can even be finely 
tuned to display pH-sensitive properties.481,482,493,494 No less important, lignin is the main 
organic polymer present in insoluble dietary fiber.495 The incomplete ionization of its carboxylic 
groups is suggested to enable lignin to resist digestion in the GIT,496 thereby limiting its 
solubility at acidic pH.495 Altogether, these features turn lignin into an excellent candidate for 
oral drug delivery applications. 

To the best of our knowledge, the oral delivery of anti-diabetic drugs via lignin NPs has not 
yet been reported. Its underexplored potential merits thus further investigation, not only for the 
development of lignin-based NPs, but also of pH-sensitive coatings. 

 
2.5.4   Active targeting of the intestinal microenvironment 

The rapid progress in the development of nanoparticulate drug carriers calls upon the full 
exploration of their features. While the relevance of the type of material/NP platform and the 
possibility to control the release of orally administered drugs by pH-sensitive mechanisms is 
undeniable, the use of targeting moieties on the NP surface to deliver drugs in a site specific-
manner also holds great potential for their clinical success. 

In the particular case of oral anti-diabetic drug delivery, active targeting is the most 
commonly used strategy to enable the selective and/or specific recognition of molecules or 
sites at the small or large intestine.95 This strategy is expected to increase the therapeutic 
outcome of orally delivered NPs by either enabling drug release only when the particles are 
bound to the target, and/or by enhancing the NP uptake and drug delivery across the selective 
and polarized intestinal cell wall.497 Examples of molecules used for the functionalization of 
NPs aimed at oral drug delivery include lectins, microbial adhesins, peptides (e.g., biotin, 
vitamin B12, vitamin B1, folic acid and CSKSSDYQC), lipid ligands, and antibodies (e.g., Fc 
fragment of IgG).95 These molecules have been increasingly investigated as targeting moieties 
for a variety of cells/sites of the intestinal microenvironment, such as receptors of the apical 
membrane of enterocytes, M cells, L cells, receptors of bacteria present within the intestinal 
flora, or even goblet cells. 

The methodologies used to bind targeting moieties to NPs vary between covalent and non-
covalent reactions. Covalent coupling is typically more effective, and leads to more stable and 
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long-lasting conjugations.498 Common covalent coupling reactions involve, among other 
methods, the conjugation of: (i) a carboxylic acid and a primary amine; (ii) a maleimide and a 
thiol group; (iii) two thiol groups; (iv) two primary amines; (v) a hydrazide and an aldehyde; and 
(vi) a primary amine and an aldehyde.499 Non-covalent conjugations consist of the physical 
adsorption of the targeting ligands to the surface of the NP via plain electrostatic attractions, 
metal-affinity coordination and biotin-avidin specific interactions.500 These are simple, easy to 
perform, and avoid the use of the chemical reagents or catalysts required by covalent coupling 
reactions.95 However, non-covalent reactions may result in weak bonding, reduced control over 
the orientation of the ligands and relatively fast uncoupling, particularly when exposed to harsh 
biological environments, such as the GIT.500 Interestingly, covalent and non-covalent methods 
have been used in combination for the development of a multistage NP platform for oral insulin 
delivery.501
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3   Aims 

Oral drug delivery is the most convenient form of drug administration and holds the promise of 
improving the quality of life of millions of diabetic patients, whose glucose-lowering 
interventions mostly rely on painful and distressing injections, multiple times per day. 
Nanoparticulate technology has opened up potential new avenues in the management of DM 
and, over the past decades, PSi has secured a particularly special place and meaning in the 
development of advanced drug delivery systems for oral anti-diabetic drug administration. 
Moreover, the possibility to modify PSi NPs to create core-shell structures that are pH-
responsive and targeted for site-specific drug delivery brings together a set of exciting 
opportunities in the potential nanomedicine-based management of DM. Hence, the main aim 
of this dissertation was to develop PSi NPs, loaded with different anti-diabetic drugs, coated 
with pH-sensitive polymers of varying nature, and functionalized with ligands to target the 
underexplored FcRn-mediated transcytotic intestinal cell mechanisms. Different fabrication 
methods and characterization techniques were investigated, as means to ensure the 
reproducibility and potential efficacy in oral anti-diabetic drug delivery. 

 
Hence, the specific aims of this dissertation were: 

 
1. To develop and characterize an engineered system for oral insulin administration, 

consisting of PSi NPs, functionalized with albumin as FcRn-targeting ligand, and 
coated with HPMC-AS; to investigate the capacity of this nanosystem to enhance 
insulin permeation across an intestinal cell culture model (I). 

 
2. To use glass capillary microfluidics for the production of a multistage nanosystem, 

consisting of GLP-1-loaded PSi NPs, functionalized with the Fc fragment of IgG, coated 
with chitosan by physical adsorption, and entrapped into pH-sensitive HPMC-AS 
nanomatrices; to investigate the FcRn-mediated cell−NP interactions, NP transcytosis 
and GLP-1 permeation (II). 

 
3. To explore, for the first time, the use of lignin as a pH-sensitive coating for insulin-

loaded PSi NPs, surface functionalized with the Fc fragment of IgG; to characterize the 
FcRn expression on Caco-2/HT29-MTX co-cultures, and to assess the capacity of this 
multifunctional NP system to efficiently deliver insulin across FcRn-expressing 
intestinal cells (III). 

 



EXPERIMENTAL SECTION 

 

 45  
 

4   Experimental section 

This section summarizes the experimental methods used for the studies described in this 
dissertation. A detailed description of the materials, instrumentation and methods can be found 
in the respective original publications (I–III). The fabrication and surface stabilization of the PSi 
NPs was done by our collaborators at the Laboratory of Industrial Physics, Department of 
Physics and Astronomy, University of Turku, Finland. 
 
4.1   Nanoparticle preparation (I–III) 
4.1.1   Preparation of UnTHCPSi (I–III) 

UnTHCPSi NPs were prepared by electrochemical anodization.413,457 For this purpose, 
multilayered, free-standing PSi films were obtained from monocrystalline, boron-doped +-type 
Si 100  wafers with a resistivity of 0.01–0.02 Ω·cm in a 1:1 ( / ) HF (38%)–ethanol electrolyte 
solution. A repeated pulse of low/high etching current was applied at determined intervals to 
create fracture planes on the Si wafers, forming multilayered porous films of Si. An abrupt 
increase in the etching current to the electropolishing region was applied to detach of the 
porous films from the substrate. Residual moisture and oxygen were removed from the fresh 
PSi multilayered films by exposure to N2 flow (1 mL/min) for a minimum of 30 min. The surface 
of the free-standing PSi films was stabilized by THC, with acetylene flow (1 mL/min) being 
added to the N2 flow (1 mL/min), initially for 15 min at room temperature (RT), and then for 
another 15 min at 500 °C, with both flows maintained at a 1:1 ratio ( / ). Afterwards, the 
thermally hydrocarbonized PSi (THCPSi) films were allowed to cool back under N2 flow at RT. 
The films were then immersed into undecylenic acid for 16 h at 120 °C, yielding the formation 
of undecylenic acid-modified THCPSi (UnTHCPSi) films with –COOH termination. The films 
were then subjected to wet milling using a high energy ball mill, and the UnTHCPSi NPs 
separated by centrifugation. The physical properties of the NPs were assessed using a TriStar 
3000 (Micromeritics Inc., USA) by N2 sorption at −196 ºC. The specific surface area of the NPs 
was calculated using the Brunauer–Emmett–Teller (BET) equation, while the total pore volume 
was taken as the total amount of adsorbed N2 at a relative pressure of 0.97. The average pore 
diameter was estimated by assuming the pores as cylindrical. In publications I and II, 
undecylenic acid modified THCPSi were abbreviated as UnPSi, and in publication III, as 
UnTHCPSi. 
 
4.1.2   Surface modification of PSi nanoparticles (I, II) 

Albumin (I) and the Fc fragment of IgG (II) were covalently conjugated to the free –COOH 
groups on the surface of UnPSi NPs by 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide 
(EDC)/N-hydroxysuccinimide (NHS) chemistry. For this purpose, 1 mg of UnPSi NPs was 
dispersed in 2.7 mL of 2-( -morpholino) ethanesulfonic acid (MES) buffer, and tip sonicated 
for 30 s using a Vibra-Cell ultrasonic processor (Sonics, Sonics and Materials, Inc., USA). 5.33 
μL of EDC and 4 mg of NHS were added to the NP solution, the pH was adjusted to 5.2, and 
the mixture was stirred at RT for the next 2 h, in dark conditions, to allow for the activation of 
the –COOH groups. Afterwards, the NPs were collected by centrifugation, the supernatant was 
discarded, and the particles dispersed again in 958 μL of MES buffer (pH 7.2), containing 17.5 
μL of human albumin (5.7 mg/mL) (I) or 50 μL of Alexa Fluor® 488-conjugated Fc fragment (2.4 
mg/mL) (II). The dispersion was tip sonicated for 10 s, and kept under magnetic stirring for 6 
h, to allow for chemical conjugation. The functionalized NPs (Alb-UnPSi and Fc-UnPSi, 
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respectively) were washed twice with Milli-Q water, to remove the excess unbound ligand, as 
reported elsewhere.456 
 
4.1.3   Drug loading into UnTHCPSi NPs (I–III) 

Insulin (I, III) and GLP-1 (II) were loaded into PSi NPs by an immersion method.408 For this 
purpose, 1 mg of NPs was dispersed into 500 μL of Milli-Q water by tip sonication for 15 s at 
30% amplitude, and then immersed in 2.25 mL of insulin solution (200 μg/mL in 0.01 M HCl) 
(I, III) or GLP-1 solution (400 μg/mL in water) (II). The mixtures were stirred and maintained 
for 90 min at RT. The excess amount of insulin or GLP-1 was removed by a 5 min centrifugation 
at 16,110×g (Microcentrifuge, model 5415D, Eppendorf), followed by one wash with Milli-Q 
water. In publications I and II, insulin and GLP-1 were loaded after chemical modification of 
the NPs with albumin or Fc, respectively. In publication III, insulin was firstly loaded into the 
UnTHCPSi NPs, prior to any other step of preparation. 
 
4.1.4   Chitosan coating of GLP-1-loaded Fc-UnPSi NPs (II) 

The surface of GLP-1-loaded Fc-UnPSi NPs was coated with chitosan (CS) by physical 
adsorption, in order to yield the formation of a drug carrier with mucoadhesive properties.456,457 
CS was dissolved to a concentration of 10 mg/mL in 1% ( / ) acetic acid. The pH was adjusted 
to 5.5 and the solution was stirred overnight (O/N). Afterwards, the solution was centrifuged 
for 4 h at 4,020×g (Hettich EBA 21, Tuttlingen, Germany), and stored at 4 °C. 

For the physical adsorption, GLP-1-loaded Fc-UnPSi NPs were dispersed into the CS 
solution (ratio 5:1 [ / ]), and stirred for 6 h, to allow for polymer deposition onto the surface 
of the NPs. CS-coated Fc-UnPSi (CS-Fc-UnPSi) NPs were collected by centrifugation at 
27,600×g (Optima MAX, Beckman Coulter), and the excess CS removed by a one-time wash 
with Milli-Q water. 
 
4.1.5   Encapsulation of the nanoparticles into pH-sensitive polymers (I–III) 

The different NP systems were encapsulated with pH-sensitive polymers of varying nature 
(HPMC-AS [I, II] and lignin [III]), using different preparation techniques: modified 
emulsification-evaporation (I), glass capillary microfluidics (II) and desolvation (III). 
 
4.1.5.1   Modified emulsification-evaporation (I) 

Insulin-loaded Alb-UnPSi were encapsulated into HPMC-AS (grade F; in publication I, 
abbreviated as HPMC) using a modified emulsification-evaporation method, based on the 
W/O/W double emulsion technique. Alb-UnTHCPSi were firstly dispersed into 100 μL of Milli-
Q water, and then mixed with 2 mL of HPMC in ethyl acetate (25 mg/mL). The mixture was tip 
sonicated for 10 s, forming the primary emulsion (W/O). Then, 100 μL of this solution was 
added dropwise to 500 μL of Milli-Q water (pH < 5), and sonicated for another 10 s, to form the 
secondary emulsion (W/O/W). At this stage, HPMC-encapsulated Alb-UnPSi (Alb-
UnPSi@HPMC)  NPs were transferred into an aqueous solution containing 1% ( / ) poly (vinyl 
alcohol) (PVA; pH 4.7), and left uncovered under magnetic stirring for at least 2 h, for organic 
solvent evaporation. 
 
4.1.5.2   Microfluidic-assisted nanoprecipitation (II) 

GLP-1-loaded CS-Fc-UnPSi NPs were encapsulated into HPMC-AS (grade F; in publication II, 
abbreviated as HF) by nanoprecipitation using glass capillary microfluidics. The set-up of the 
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microfluidics platform was established as reported elsewhere.502 For this, a borosilicate glass 
capillary with an outer diameter of 1000 μm (World Precision Instruments, Inc., USA) was 
tapered to a diameter of 20 μm using a micropipette puller (P-97, Sutter Instrument Co., USA). 
The capillary was carefully sanded until the inner diameter was enlarged to ca. 100 μm. Then, 
this capillary was inserted and coaxially aligned into the left end of an outer capillary (inner 
diameter 1.1 mm, Sutter Instrument Co., USA). 

In this study, the inner phase consisted of GLP-1-loaded CS-Fc-UnPSi NPs dispersed in 
an HF solution (10 mg/mL in acetone). The outer phase, injected in between the inner and 
outer capillaries, was composed of 1% ( / ) PVA, pH 3.7. The inner and outer phases were 
separately injected at constant flow rates, controlled by two pumps (PHD 2000, Harvard 
Apparatus), into the glass capillaries, through polyethylene tubes attached to syringes. By 
simultaneously pumping both phases in the same direction, a three-dimensional coaxial flow 
was achieved. The inner phase was injected at 2 mL/h, whereas the outer phase was injected 
at 40 mL/h. The co-flow, the rapid mixing of both phases, and the acidic pH of the outer phase 
led to the precipitation of HF into nanosized spherical polymeric matrices. The HF-
encapsulated CS-Fc-UnPSi (CS-Fc-UnPSi@HF) NPs were collected at the end of the outer 
borosilicate glass capillary. 
 
4.1.5.3   Desolvation (III) 

Insulin loaded UnTHCPSi NPs were encapsulated into lignin NPs by desolvation. However, 
prior to the encapsulation, the structure of native lignin was chemically modified, in order to 
obtain a suitable surface chemistry for further functionalization. 
 
i. Chemical modification of lignin 

Two variants of lignin were obtained by chemical modification: carboxylated lignin (to increase 
the amount of –COOH groups on its structure) and maleimide-terminated lignin (to be later 
used for covalent conjugation). The preparation of carboxylated lignin was performed as 
previously described.27 200 mg of BioPivaTM softwood kraft lignin was dissolved in 30 mL of 
tetrahydrofuran (THF), together with 400 mg of succinic anhydride (22.2 mmol) and 40 mg of 
4-dimethylaminopyridine (DMAP; 4.1 mmol). The mixture was stirred at RT for 48 h. Unreacted 
reagents were removed by transferring the solution into a dialysis bag (Spectra/Por® 1 
Standard RC Dry Dialysis Tubing, 12–14 kDa, Spectrum Labs, CA, USA), and dialyzing it 
against Milli-Q water, with periodic replacement of the water over the next 48 h. Carboxylated 
lignin was then freeze-dried and stored at RT. 

For the maleimide-terminated lignin, 200 mg of BioPivaTM softwood kraft lignin were 
dissolved with 10 mL of THF, and mixed, in this order, with 37.4 mg of N,N’-
Dicyclohexylcarbodiimide (DCC), 88.6 mg of N-Mal-N-bis(PEG2-acid) and 2 mg of DMAP, 
each of them previously and separately dissolved in 3.3 mL of THF. The mixture was stirred 
for 24 h at RT. Afterwards, the solution was transferred into a dialysis bag and dialyzed against 
Milli-Q water, as described above, followed by freeze-drying and storage at RT. 

The success of the chemical modifications was assessed by Fourier transform infrared 
spectroscopy (FTIR; VERTEX 70, Bruker, MA, USA) using a horizontal attenuated total 
reflectance (ATR) accessory (MIRacle, PIKE Technologies, WI, USA). The spectra were 
recorded using OPUS 5.5 software, with a resolution of 4 cm-1, between 4000–650 cm-1. 
Maleimide-terminated lignin was further evaluated by 1H nuclear magnetic resonance (NMR) 
spectroscopy, after being dissolved in deuterated dimethyl sulfoxide (DMSO-d6). The spectra 
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were recorded on an Avance III 400 MHz NMR spectrometer (Bruker, Swizerland) and 
analyzed by MestReNova software, and the chemical shifts were reported in parts per million. 

 
ii. Nanoencapsulation into lignin 

Carboxylated and maleimide-terminated lignin (70:30 [ / ]) were dissolved in 70% ( / ) EtOH 
(1 mg/mL) for at least 1 h, and then filtered using an Acrodisc® 13 mm Syringe Filter, 0.45 μm 
pore size. 250 μg of NPs was firstly dispersed in 570 μL of MillI-Q water by tip-sonication, and 
then mixed with 430 μL of lignin solution. The mixture was stirred O/N, without sealing the 
incubation flasks. Lignin NPs (LNPs) were formed around UnTHCPSi (UnTHCPSi@LNPs) by 
nanoprecipitaton upon mixture of the ethanolic lignin solution with the NPs in water, and 
subsequent evaporation of the organic solvent. Afterwards, the UnTHCPSi@LNPs were 
collected by centrifugation at 16,110×g (5415D, Eppendorf, Germany) for 5 min. Non-
precipitated lignin was removed by washing the NPs twice with Milli-Q water. 
 
4.1.6   Surface modification of lignin nanoparticles (III) 

The surface of UnTHCPSi@LNPs was covalently conjugated with the Fc fragment of IgG by 
maleimide-thiol chemistry. Firstly, the NH2 groups on the Fc fragment were modified with thiol 
groups (Fc-SH) by incubation of 43 μL of Fc fragment (2.3 mg/mL) with 5.5 μL of 2-
Iminothiolane (Traut’s reagent; 5 mg/mL solution in 5 mM ethylenediaminetetraacetic acid 
[EDTA] in phosphate-buffered saline [PBS]) for 1 h at 37 °C. Then, 1 mg of UnTHCPSi@LNPs 
was dispersed in PBS (3 mg/mL; pH 6.5), and the chemical attachment of the Fc fragments to 
the surface of the NPs was allowed to occur for 1 h at 4 °C, yielding the formation of Fc-
modified UnTHCPSi@LNPs (UnTHCPSi@LNPs-Fc). The NPs were collected by a 5 min 
centrifugation at 16,110×g (5415D, Eppendorf, Germany), followed by a one washing with Milli-
Q water to remove the unbound Fc. 
 
4.2   Physicochemical characterization (I–III) 
The physical properties of the PSi NPs were evaluated by N2 sorption at −196 °C, using a 
TriStar 3000 (Micromeritics Inc., USA) gas sorption apparatus (I–III). The specific surface area 
was calculated using the BET equation, and the total pore volume taken as the total amount 
of N2 adsorbed at a relative pressure ( ) of 0.97.503 The average pore diameter was 
estimated using the obtained values of specific surface area and total pore volume by 
assuming the pores as cylindrical.504 

The hydrodynamic diameter (Z-average), polydispersity index (PdI) and ζ-potential were 
characterized by dynamic laser scattering (DLS) and electrophoretic laser scattering (ELS) 
using a Zetasizer Nano ZS instrument (Malvern Instruments Ltd., UK). The samples were 
prepared by dispersing the NPs in Milli-Q water (I–III). 

The chemical modifications on the surface of the NPs (I: human albumin conjugation and 
HPMC encapsulation; II: Fc conjugation, CS coating and HF polymer matrix formation; III: 
encapsulation into LNPs and Fc conjugation) were evaluated using a Bruker VERTEX 70 
series FTIR spectrometer (Bruker Optics, Germany) coupled with a horizontal ATR sampling 
accessory (MIRacle, Pike Technology, USA), with a resolution of 4 cm-1. The measurements 
were performed after drying the NPs at RT. 

The amount of albumin or Fc covalently conjugated to the surface of the NPs was 
determined by elemental analysis (I–III), based on the chemical structure of the ligands, using 
a Vario Micro cube CHN analyzer (Elementar Analysensysteme, GmbH, Germany). For this 
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purpose, the percentages of carbon (C), hydrogen (H), nitrogen (N), and sulfur (S) present in 
dry samples of the NPs were recorded, before and after conjugation with albumin (I) or Fc (II, 
III). The percentages of these elements in unmodified PSi NPs were subtracted to the 
percentages obtained in the chemically modified ones and converted to mass of each element 
per gram of PSi. The corresponding number of moles was achieved by dividing the mass of 
each element by its atomic number, followed by multiplication by the number of atoms of that 
element present in a molecule of ligand. The abundance of albumin or Fc per gram of NPs 
was then obtained by multiplying the molarity of the corresponding ligand per gram of PSi by 
the molecular weight of the ligand itself. 

The morphology of the different NPs was investigated by transmission electron microscopy 
(TEM) using a Tecnai™ F12 (FEI Company, USA) (I–III). For this purpose, an aqueous NP 
suspension was pipetted onto carbon-coated copper grids for 3–5 min. Afterwards, the droplet 
was blotted away, and the grids were left to dry O/N at RT before imaging. 

The presence of Si in the NPs was investigated using an Oxford INCA 350 energy 
dispersive X-ray (EDX) spectrometer (Oxford Instruments, UK) connected with a field emission 
scanning electron microscope (FESEM; Hitachi S-4800, Japan) (I–III). The measurements 
were performed in areas imaged with the bright field TE detector of the FESEM. 
 
4.3   Integrity of the Fc fragment (II) 
The integrity of the structure of the Fc fragment is strongly correlated to its biological activity, 
and therefore, its ability to bind to the receptor after being conjugated to the surface of the 
UnPSi NPs was investigated. Hence, the Fc-fragment binding ability was measured using a 
human IgG enzyme-linked immunosorbent assay (ELISA) kit (ab100547), since this kit allows 
for the detection of the Fc portion of the heavy chain of all subclasses of human IgG.505-507 

For this purpose, 100 μL samples of Alexa Fluor® 488-conjugated Fc fragment-
functionalized UnPSi NPs were incubated for 2.5 h with the human IgG-specific-coated ELISA 
plate, in concentrations ranging from 25–250 μg/mL. Non-functionalized NPs were used as a 
negative control. The experiments were conducted at RT. Afterwards, the NP dispersions were 
discarded, and the wells were washed according to the manufacturer instructions. 100 μL of 
PBS was added to each well, and the fluorescence of the NPs bound to the plate was 
measured at 488 nm with a Varioskan LUX multimode microplate reader (Thermo Fisher 
Scientific). The same approach was used to evaluate whether the exposure of the Fc-
decorated NPs to acetone during encapsulation into the HF matrix could affect its integrity, and 
thereby, its biological activity. For this, Fc-UnPSi and CS-Fc-UnPSi NPs were exposed to 
acetone solution, under the exact conditions used for the microfluidic encapsulation. Then, 
acetone was washed away, the NPs were washed twice with Milli-Q water, placed in the ELISA 
plate, and incubated at RT for 2.5 h. The measurements of the fluorescence were performed 
as described above. 
 
4.4   pH-Responsive behavior of the nanoparticles (II, III) 
The dissolution behavior and pH-responsive profiles of HPMC and lignin were evaluated by 
incubating the developed NPs with buffer solutions at different pH conditions. For publication 
II, CS-Fc-UnPSi@HF NPs were dispersed in HCl (0.1 M; pH 1.2), MES (pH 5.5), and PBS (pH 
7.4). The dispersions were kept under magnetic stirring at RT, and samples were collected 2 
and 15 min after the starting point. Sample droplets were placed over copper-coated grids for 
3–5 min, blotted away and the NPs were left to dry O/N at RT before observation under TEM 
microscopy. For publication III, UnTHCPSi@LNPs, UnTHCPSi@LNPs-Fc and ins-
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UnTHCPSi@LNPs-Fc were separately dispersed in 0.1 M HCl (pH 1.2); MES (pH 5.5, pH 6.0 
and pH 6.5), and PBS (pH 7.4). The dispersions were maintained at 37 °C under magnetic 
stirring, and the samples were collected 2, 15 and 30 min after starting the incubation. In this 
study, samples were analyzed both by DLS-ELS and TEM, as described above. 
 
4.5   Drug loading and release (I–III) 
4.5.1   Association efficiency and loading degree (I–III) 

The amount of drug associated to the NPs was investigated by determining the association 
efficiency (AE) and loading degree (LD). In publications I and II, the AE and LD of insulin and 
GLP-1, respectively, were calculated by the indirect method, following Eqs. (1) and (2): 
 

 (1) 
 

  (2) 
 
In publication III, the NPs were dispersed into PBS-fetal bovine serum (FBS; 10% [ / ]; pH 
7.4), and incubated O/N at 37 °C, under magnetic stirring, to promote insulin release. 
Afterwards, the NPs were centrifuged, dried and accurately weighed. The percentages of AE 
and LD were calculated by the direct method, following Eqs. (3) and (4): 
 

  (3) 
 

  (4) 
 
The concentration of the drug in the samples was assessed by high-performance liquid 
chromatography (HPLC; Agilent 1,260, Agilent Technologies, USA) and a C18 column (4.6 × 
150 mm, 5 μm, Supelco Discovery®, USA). The mobile phase consisted of acetonitrile (ACN) 
and 0.1% ( / ) trifluoroacetic acid (TFA; pH 2.0), under a gradient system. 

For insulin detection (I, III), the initial ratio of ACN:TFA was 20:80 ( ). This ratio was 
changed to 30:70 ( ) for the first 7 min, and then changed back to the initial ratio for the next 
3 min. The injected sample volume was 50 μL and the flow rate was 1.2 mL/min. For GLP-1 
detection (II), the ratio of ACN:TFA was 30:70 ( ) for the first 5 min, being then changed to 
40:60 ( ) for another 5 min and, finally, back to 30:70 ( ) for 1 min. The injected sample 
volume was 20 μL and the flow rate was 1 mL/min. In both insulin and GLP-1 detections, the 
temperature of the column was set to RT, and the detection wavelength to 240 nm. The total 
area under the curve (AUC) was used to quantify the amount of insulin or GLP-1. 
 
4.5.2   In vitro release studies (I-III) 

To mimic the passage of the NPs throughout the GIT (I, II) and blood circulation (III), the 
developed NPs were incubated with buffer solutions at different pH conditions, and the 
amounts of drug released (insulin or GLP-1) were quantified. UV–vis spectroscopy was 
performed in advance to validate the integrity of insulin and GLP-1 when dissolved in the 
release buffers (I, II). For publication I, the UV–vis spectra of insulin (100 μg/mL) were 
measured immediately after dissolution in fasted-state simulated intestinal fluid (FaSSIF) and 
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after 6 h of incubation. For publication II, the UV–vis spectra of GLP-1 (30 μg/mL) were 
measured after dissolving the drug in both simulated gastric fluid (SGF) and FaSSIF at time 
points 0, 2 and 6 h. The spectra were obtained using a UV-1600 PC spectrophotometer (VWR, 
Radnor, PA, USA). 
 
4.5.2.1   Insulin release from Alb-UnPSi@HPMC (I) 

The amount of Alb-UnPSi@HPMC NPs equivalent to 35 μg of insulin was dispersed in 10 mL 
SGF (pH 1.2) without pepsin, to avoid discrepancies caused by the presence of this enzyme 
in the stability of insulin. After 2 h, the NPs were collected by centrifugation and dispersed in 
10 mL of FaSSIF (pH 6.5) for 6 h. Insulin-loaded UnPSi were used as control. The experiment 
was conducted under magnetic stirring, at 37 °C, with 500 μL samples withdrawn at time points 
from 15–480 min. The same volume was replaced with the respective pre-warmed solutions 
(SGF or FaSSIF), in order to maintain the release volumes constant. Release samples were 
collected by centrifugation and the supernatants analyzed by HPLC. 
 
4.5.2.2   GLP-1 release from CS-Fc-UnPSi@HF (II) 

CS-Fc-UnPSi@HF NPs were dispersed in simulated gastric fluid (SGF; pH 1.2) for 2 h, being 
then collected by centrifugation, re-dispersed in FaSSIF, and incubated for the next 6 h. The 
experiment was performed under magnetic stirring, at 37 °C, with 100 μL samples withdrawn 
at time points from 30–480 min. Insulin-loaded CS-Fc-UnPSi NPs were used as control. The 
release volume was maintained constant by adding the equivalent volume of pre-warmed 
buffer to the release solution. Release samples were collected by centrifugation and the 
supernatants analyzed by HPLC. 
 
4.5.2.3   Insulin release from UnTHCPSi@LNPs-Fc (III) 

The amount of UnTHCPSi@LNPs-Fc equivalent to 30 μg of insulin was dispersed in 10 mL 
0.1 M HCl (pH 1.2). After 2 h, the NPs were collected by centrifugation and dispersed in 10 mL 
of PBS (pH 6.5). After 6 h, the NPs were again collected by centrifugation and re-dispersed in 
PBS–FBS (10% [ / ]; pH 7.4) for another 3 h, to investigate the release in pH conditions that 
mimic the blood circulation. Insulin-loaded UnTHCPSi NPs were used as control. The 
experiment was conducted under magnetic stirring, at 37 °C, with 500 μL samples withdrawn 
at time points from 15 min–11 h. The same volume was replaced with the respective pre-
warmed solutions. Release samples were collected by centrifugation and the supernatants 
analyzed by HPLC. 
 
4.6   In vitro cell-based studies (I–III) 
4.6.1   Cell lines and culture conditions (I–III) 

Clone of human colon adenocarcinoma (C2BBe1) (I), human colon adenocarcinoma (Caco-2) 
(II, III) and hepatocellular carcinoma (HepG2) (III) cell lines were obtained from the American 
Type Culture Collection (ATCC®, USA). Human goblet-like HT29-MTX cell line (I–III) was kindly 
provided by Dr. T. Lesuffleur (INSERM U178, Villejuif, France). C2BBe1 (passages #57–69), 
Caco-2 (passages #26–40), HepG2 (passages #18–32) and HT29-MTX (passages #26–40) 
were separately grown in tissue culture flasks (Corning Inc., USA), in Dulbecco’s modified 
Eagle’s medium (DMEM) supplemented with 10% ( ) heat inactivated FBS, 1% ( ) L-
glutamine, 1% ( ) non-essential amino acids (NEEA) and 1% ( ) antibiotic–antimitotic 
mixture (final concentration of 100 IU/mL Penicillin and 100 IU/mL Streptomycin; Pen/Strep). 
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The medium used for culturing HepG2 cells was further supplemented with 1% sodium 
pyruvate ( ). All cell lines were maintained at 37 °C, 5% CO2 and 95% relative humidity, in 
a 16 BB gas incubator (Heraeus Instruments, GmbH, Germany). Growing medium was 
changed every other day, and sub-culturing was performed when cells reached 80% 
confluency in the culture flasks, using 0.25% ( / ) trypsin in PBS-EDTA. 
 
4.6.2   Cytocompatibility studies (I–III) 

The compatibility of the developed NPs with intestinal cells was investigated using the 
CellTiter-Glo® Luminescent Cell Viability Assay. For this purpose, cells were seeded into 96-
well plates (Corning Inc., USA) at a concentration of 5 × 104 cells/mL and allowed to attach for 
24 h. For publications I and II, the cell culture medium was removed and the adherent cells 
were washed twice with freshly prepared and pre-warmed Hank’s balanced salt solution 
(HBSS)–2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES) buffer (pH 7.4). 
Then, UnPSi NPs, Alb-UnPSi NPs and Alb-UnPSi@HPMC were incubated with C2BBe1 and 
HT29-MTX mono- and co-cultures (ratio 9:1), at concentrations ranging from 25–200 μg/mL, 
for 12 and 24 h (I), whereas UnPSi, Fc-UnPSi, CS-Fc-UnPSi and CS-Fc-UnPSi@HF NPs were 
incubated with Caco-2 and HT29-MTX monocultures, at concentrations ranging from 25–600 
μg/mL, for 24 h (II). The incubations took place at 37 °C, in a humidified 5% CO2 atmosphere. 
In both studies, HBSS–HEPES and 1% ( ) Triton® X-100 were used as negative and positive 
controls, respectively. At the corresponding time points, the NP solutions were removed and 
the cells were washed twice with HBSS–HEPES. Then, 100 μL of a 1:1 ratio solution of 
CellTiter-Glo® reagent assay and HBSS–HEPES were added to the wells, and allowed to 
incubate for 10 min. Finally, the plates were shaken for 2 min, and the luminescence was 
measured using a Varioskan Lux Multimode Microplate Reader (ThermoFisher Scientific, 
USA). 

For publication III, the cell culture medium was removed, and 100 μL of NP suspensions 
(UnTHCPSi, UnTHCPSi@LNPs and UnTHCPSi@LNPs-Fc, dispersed in cell culture media) 
were added to Caco-2 and HT29-MTX monocultures, and to Caco-2/HT29-MTX co-cultures 
(ratio 9:1), at concentrations ranging from 25–400 μg/mL, for 6 and 24 h. The atmospheric 
conditions of the incubations and controls were used as reported above. At the predetermined 
time points, the NP suspensions were removed, the cells were washed, incubated with 
CellTiter-Glo® reagent assay, and the luminescence values measured also as described above. 
The metabolically active cells were quantified based on the amount of ATP produced by the 
living cells. The experiments were carried out at least in triplicates (   3). 
 
4.6.3   Characterization of the FcRn expression (I–III) 

The expression of the FcRn in the in vitro cell culture models used in these studies was 
evaluated by confocal microscopy (I, II), flow cytometry (I), and Western blot (III). For confocal 
studies, C2BBe1/HT29-MTX (I) and Caco-2/HT29-MTX (II) co-cultures (ratio 9:1) were grown 
in Transwell® permeable supports at a concentration of 6.8 × 104 cells/cm2. After 20 days in 
culture, cells were incubated with FBS-free medium O/N, to prevent occupation of the receptor 
with serum constituents. At day 21, the co-cultures were exposed to Alexa Fluor® 488-
conjugated Fc fragment (3.96 μg/mL) for 3 h, at 37 °C, 5% CO2 and 95% relative humidity. Co-
cultures that were not exposed to the fluorescent Fc fragment were used as negative control. 
Afterwards, cells were extensively washed, and fixed with 4% ( / ) paraformaldehyde (PFA). 
Transwell® permeable supports were cut and assembled over glass slides with Vectashield® 
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antifade mounting medium containing 4’,6-diamidino-2-phenylindole (DAPI) for observation 
with a Leica SP5 II HCS A confocal microscope (Leica Microsystems, Wetzlar, Germany).  

For flow cytometry (I), C2BBe1/HT29-MTX cells were seeded, grown and incubated with 
the Fc fragment following the same conditions described for the confocal studies. Afterwards, 
the cells were washed, but then dissociated from the membranes using Accutase®, and 
collected by centrifugation. Cells were washed again, re-suspended in 700 μL of PBS, and 
analyzed in BD LSR II (BD Biosciences, San Jose, CA, USA). The controls were not exposed 
to the Alexa Fluor® 488-conjugated Fc fragment. 

For the characterization of the FcRn expression by Western blot (III), Caco-2 and HT29-
MTX monocultures and Caco-2/HT29-MTX (ratio 9:1) co-cultures were grown in 6-well plates 
or 6-well Transwell® permeable supports for 7, 14 and/or 21 days, according to the intended 
purpose of the study. HepG2 cells, known for expressing the FcRn, were used as positive 
control.508 At the predetermined time points, the cells were scraped from the wells or 
Transwell® supports, the protein content was extracted and the protein concentrations of the 
lysates were calculated using a Bradford Assay. The extracts were resolved by sodium dodecyl 
sulphate–polyacrylamide (SDS-PAGE) gel electrophoresis (4–20% gel) under reducing 
conditions. Proteins were transferred onto a polyvinylidene difluoride (PVDF) membrane, 
which was subsequently blocked with 2% ( ) non-fat milk. Blots were probed O/N at 4 °C 
with Human FCRN Antibody (MAB8639). Then, bound antibody was detected with Alexa 
Fluor® 488 conjugate anti-mouse IgG (H+L), F(ab')2 Fragment. Tris Buffered Saline (TBS) with 
0.1% ( ) Tween® 20 was used for blocking, incubations and washings. Signal was detected 
by chemiluminescence (ChemiDoc™ MP Imaging System, BioRadiations Life Science 
Research, CA, USA), and the reactions were normalized to a monoclonal mouse anti-α-Tubulin. 
 
4.6.4   Cell–nanoparticle interactions (I–III) 

The interactions between FcRn-targeted NPs and the intestinal cells were studied by confocal 
microscopy (I, II), flow cytometry (I), and surface plasmon resonance (SPR) (III). For 
publication I, UnPSi NPs were labeled with a fluorescent dye (Alexa Fluor® 488) via EDC/NHS 
chemistry before conjugation with albumin. For confocal studies, C2BBe1/HT29-MTX co-
cultures (ratio 9:1) were seeded at a concentration of 2 × 105 cells/mL into Lab-Tek eight-
chamber slides (Thermo Fisher Scientific, USA), maintained at 37 °C in a humidified 
atmosphere, and allowed to attach for 24 h. C2BBe1 and HT29-MTX monocultures were used 
as controls. Afterwards, the cells were washed with HBSS–HEPES (pH 7.4), the NPs 
(UnPSi@HPMC and Alb-UnPSi@HPMC) were added to the cells (250 μg per chamber), and 
incubated for 3 h at 37° C. At this point, the cells were washed with pre-warmed HBSS–HEPES, 
to remove the excess, non-interacting NPs. CellMask™ DeepRed was used to stain the cell 
membranes, by incubation for 4 min at 37 °C. Cells were washed again, and immediately 
observed with a Leica SP5 II HCS A confocal microscope (Leica Microsystems, Wetzlar, 
Germany). For flow cytometry, C2BBe1/HT29-MTX co-cultures (ratio 9:1) were seeded at a 
concentration of 6.8 × 104 cells/cm2 into 12-well plates, and incubated O/N in a humidified 
atmosphere at 37 °C. Then, the cells were incubated with the NPs following the parameters 
used for the confocal studies. After incubation, the cells were washed and dissociated from the 
culture plates using Versene™. Cells were collected by centrifugation, washed again, and re-
suspended in 700 μL of PBS for analysis with a BD LSR II (BD Biosciences, San Jose, CA, 
USA). 

For publication II, no additional fluorescent probe was needed for the FcRn-targeted NPs, 
since the stock Fc fragment was already conjugated with Alexa Fluor® 488. However, in order 
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to use the non-functionalized NPs (UnPSi) as a control, these NPs were fluorescently labeled 
with Alexa Fluor® 488 via EDC/NHS chemistry, as described above. To obtain the same 
fluorescence intensity for all NPs, the ratio of Alexa Fluor® 488/Alexa Fluor® 488-conjugated 
Fc fragment was optimized using a Varioskan LUX multimode microplate reader (Thermo 
Fisher Scientific, USA).509 Caco-2/HT29-MTX co-cultures (ratio 9:1) were seeded at a 
concentration of 5 × 105 cells/mL into Lab-Tek eight-chamber slides (Thermo Fisher Scientific, 
USA), maintained at 37 °C in a humidified atmosphere, and allowed to attach for 24 h. Then, 
the cells were washed twice with pre-warmed HBSS–HEPES. 250 μL of a 250 μg/mL NP 
solution (UnPSi, Fc-UnPSi, CS-Fc-UnPSi, and CS-Fc-UnPSi@HF) were added to each 
chamber, and incubated for 3 h at 37 °C. The excess, non-interacting NPs were removed by 
extensively washing the cells. The cell membranes were stained and observed immediately 
under the microscope, as described above. Images were analyzed using Fiji.510 

In publication III, two preliminary studies were conducted to investigate the biological 
activity and binding ability of the Fc fragments used to functionalize the surface of the NPs, 
and, ultimately, the binding ability of Fc-functionalized NPs to FcRn-expressing cells was also 
studied. These binding interactions were studied by SPR, using a Navi™ 200 OTSO (BioNavis 
Ltd., Finland; four flow channels), and a Navi™ 210 VASA (BioNavis Ltd., Finland; two flow 
channels). Both devices were equipped with two laser wavelengths (670 nm and 780 nm), in 
which the linearly p-polarized laser lights were directed through an equilateral prism coupled 
to a glass side in the Kretschmann configuration. The glass slide (~2 mm) was coated with a 
gold layer (~50 nm) (Bionavis Ltd., Tampere, Finland). Before the experiments, the gold-coated 
SPR sensors were immersed in a solution of 30% ( ) hydrogen peroxide, 30% ( ) 
ammonia hydroxide, and Milli-Q water (1:1:5 [ / ]) and boiled for 5 min for cleaning. Then, the 
sensors were rinsed with Milli-Q water, dried with N2 and stored until further use. In all 
experiments, the flow channel injections were done using a Ismatec™ Reglo Digital MS-2/12 
multichannel pump (Cole-Parmer, Germany). 

The binding ability of the free Fc fragments was initially studied in Staphylococcal protein 
A (protein A). Protein A contains five homologous antibody binding domains, having therefore 
high affinity for the Fc portion of IgG.511 The SPR sensors were cleaned in oxygen plasma at 
~1000–1200 mTorr for 10 min, and then rapidly immersed into a 200 μM solution of 
dithiobis(succinimidyl propionate) (DSP) in DMSO for thiol linkage. After 2 h incubation at RT, 
DSP-coated sensors were rinsed with DMSO, and then with PBS, and left immersed O/N in a 
0.5 mg/ml protein A solution in PBS at 4 °C. Afterwards, to block residual reacting sites, the 
sensors were incubated with a 1 M ethanolamine solution (pH 8.6) for 30 min–1 h. The sensors 
were washed with Milli-Q water, dried and stored at 4° C. Navi™ 200 OTSO was used for this 
experiment, with the full reflectance spectrum measured between 58 and 75°, scanned with a 
670 nm laser wavelength every ~2 s. For initial signal stabilization, flow channels and fluidic 
paths were injected with PBS, followed by priming with the assay buffer (HBSS–HEPES, pH 
7.4). Once a stable baseline was achieved, Fc fragment solutions at concentrations ranging 
from 0.1–100 μg/mL were injected at a flow rate of 30 μL/min. When equilibrium was reached, 
HBSS–HEPES was injected for 50 min, to remove Fc fragments interacting non-specifically 
with protein A. 

On a second experiment, the influence of the pH conditions on the binding ability of Fc 
fragments to protein A was investigated. This experiment was performed using Navi™ 200 
OTSO, with protein A immobilized on the gold-coated SPR sensor as described above, and a 
670 nm incident laser wavelength. The full reflectance spectrum was measured between 55 
and 77°, every 3 s. HBSS–HEPES solutions at pH 6.5, 7.4 and 8.2 were used to prime the flow 
channels and fluidic paths, followed by a 1 mg/mL BSA 5 min injection to block residual 
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reacting sites. HBSS–HEPES solutions at the predetermined pH values were injected until 
achieving a stable baseline. Fc fragment solutions (10 μg/mL) in HBSS–HEPES at pH 6.5, 7.4 
and 8.2 were injected at a flow rate of 30 μL/min for a period of 40 min. 

Finally, the interactions between the Fc-functionalized NPs and the FcRn-expressing 
Caco-2 cells were investigated. Caco-2 cells were immobilized on the surface of gold-coated 
SPR sensors following a seeding procedure at a concentration of 8.8 × 105 cells/mL, incubated 
at 37 °C, 5 % CO2 and 95 % relative humidity, and allowed to attach for 24 h. At this point, the 
sensors were transferred onto clean 35 mm Petri dishes and incubated with 2 mL of cell culture 
medium in a humidified atmosphere for 13 days. Growing medium was changed every other 
day. Navi™ 210 VASA was used for this experiment, with a 670 nm incident laser wavelength, 
and the full reflectance spectrum was measured every 3 s between 55 and 77°. This time, the 
experiments were conducted at 37 °C. For initial signal stabilization, HBSS–HEPES–Pen/Strep 
(pH 6.5) was injected into the system. UnTHCPSi@LNPs and UnTHCPSi@LNPs-Fc (100 
μg/mL) dispersed in the assay buffer were injected for 30 min at a flow rate of 25 μL/min, and 
finally, assay buffer was injected for another 30 min. All SPR data were exported with MP-SPR 
Navi Data Viewer 4.2.5 software in ASCII format, and SPR peak angular position (PAP) was 
determined by the centroid method. 
 
4.6.5   In vitro permeability studies (I–III) 

The intestinal permeability of insulin and GLP-1 was investigated in in vitro cell culture models 
consisting of C2BBe1/HT29-MTX (I) or Caco-2/HT29-MTX (II, III) co-cultures, which are widely 
used to mimic the permeability of the human intestinal barrier. The validation of the functionality 
of these models was studied through the formation of tight junctions (TJs) via 
immunohistochemistry (I) and measurements of the transepithelial electrical resistance (TEER) 
(I–III).  
 
4.6.5.1   Immunohistochemistry of the tight junctions (I) 

C2BBe1/HT29-MTX (ratio 9:1) were co-cultured in 12-well Transwell® permeable supports (3 
μm pore-size; Corning Inc., USA) at a concentration of 6.8 × 104 cells/cm2. C2BBe1 
monocultures were used as controls. At day 21 of culture, cell monolayers were fixed with 4% 
( ) PFA for 15 min. For the staining of zonula occludens-1 (ZO-1), cells were incubated with 
0.05% ( ) Triton® in PBS for 10 min at RT, for permeabilization of the membranes, followed 
by extensive washings, and blocking of the non-specific binding with 10% ( / ) bovine serum 
albumin (BSA) for 30 min. Then, the cells were incubated with ZO-1 antibody (1:100) in PBS 
for 1 h at RT. For the staining of occludin, non-specific protein interactions were blocked by 
incubating the cells with 5% ( ) BSA for 5 min. Cells were then incubated with occludin 
antibody (1:100) also for 1 h at RT. In both cases, the cells were extensively washed, the 
Transwell® permeable supports were cut and assembled over glass slides with Vectashield® 
antifade mounting medium containing DAPI and observed with a Leica DM6000 B microscope 
(Leica Microsystems, Wetzlar, Germany). 
 
4.6.5.2   TEER measurements (I–III) 

TEER measurements were performed in C2BBe1 monocultures and C2BBe1/HT29-MTX co-
cultures (I), and in Caco-2/HT29-MTX co-cultures (II, III) using a Millicell® ERS-2 volt/ohm 
meter with STX01 electrodes (Millipore, MA, USA). The calculation of the TEER values was 
done by subtracting the TEER values of the cell-free Transwell® permeable supports from the 
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values measured in supports cultured with cells. These values were then multiplied by the 
surface area of the insert and reported as Ω.cm2. 
 
4.6.5.3   In vitro intestinal permeability (I–III) 

The in vitro permeability assays were performed in C2BBe1/HT29-MTX co-cultures (I), and in 
Caco-2/HT29-MTX co-cultures (II, III), seeded at a concentration of 6.8 × 104 in Transwell® 
permeable supports at a ratio of 9:1, and grown for 21 days. At the end of the culture period, 
the permeability of insulin-loaded (I, III) or GLP-1-loaded (II) NPs was investigated from the 
apical to the basolateral direction of the filters. The NPs were dispersed in HBSS–HEPES 
buffer solution (pH 6.5 [I, III]) or pH 6.8 [II]) and added to the apical chambers, whereas the 
basolateral compartments were filled with HBSS–HEPES at pH 7.4. The experiments were 
conducted at 37 °C, under agitation of the plates. Samples were withdrawn from the basolateral 
compartments at time points up to 180 min (I, II) or 120 min (III), and the same volume of pre-
warmed HBSS–HEPES buffer (pH 7.4) was added to maintain a constant volume. Non-
targeted NPs (I–III) and equivalent amounts of free drugs (I, II) were used as controls. The 
amount of insulin (I, III) and GLP-1 (II) that permeated the cell monolayers was measured by 
HPLC. The TEER was monitored throughout the studies (I), in order to validate the integrity of 
the cell monolayer, and the measurements were performed as described above. The apparent 
permeability ( ) coefficients (III) were calculated using Eq. (5): 
 

   (5) 
 
where:  is the steady-state flux (μg/s);  is the initial drug concentration in the apical 
compartment (μg/mL); and  is the surface area of the filter (cm2). The  values were 
estimated using  values based on the complete drug release from the NPs. The experiments 
were carried out in triplicate (   3). 

At the end of the experiment, the monolayers were washed with HBSS–HEPES to remove 
the non-interacting NPs and fixed with 2.5% ( ) glutaraldehyde for 15 min at RT (II, III). After 
washing twice with the buffer solution, the membranes were dehydrated and embedded in 
epoxy resin. Perpendicular ultrathin sections were cut and stained with uranyl acetate and lead 
citrate. The resulting samples were observed under the TEM microscope. 

 
4.7   Statistical analysis (I-III) 
All experiments performed in these studies were conducted at least in triplicates, and the 
measured values are expressed as mean ± standard deviation ( ). Results were evaluated 
by means of a one-way or two-way analysis of variance (ANOVA) with a Bonferroni post hoc 
test (GraphPad Prism, GraphPad Software Inc., USA). The levels of significance were set at 
probabilities of *   0.05, **   0.01, ***   0.001, and ****   0.0001. 
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5   Results and discussion

Nanotechnology-based drug carrier systems have been increasingly showing the capacity to 
address the shortcomings of conventional treatment modalities in multiple ways. However, 
despite the significant scientific progresses achieved so far, the intestinal epithelium still 
represents an ultimate barrier for orally administered nanoencapsulated drugs. Consequently, 
their transport across the tightly organized network of epithelial cells is yet to be achieved at 
optimal levels. Here, we hypothesized that nanoparticulate systems could profit from FcRn-
mediated transcytosis to shuttle orally delivered drugs across the epithelial lining, thereby 
fostering the development of a non-invasive, painless and patient compliant therapy for anti-
diabetic drug administration. Hence, the different NP systems developed herein were designed 
to simultaneously circumvent the highly dynamic changes of the GIT and the prohibitively low 
drug absorption at the intestinal level (Figure 13).

In publication I, insulin-loaded UnPSi NPs were surface functionalized with albumin, and 
further entrapped into HPMC-AS (grade F) via the modified emulsification-evaporation method, 
yielding the formation of Alb-UnPSi@HPMC (Figure 13a). In publication II, UnPSi NPs were 
loaded with GLP-1, surface functionalized with the Fc fragment of IgG, coated with chitosan 
by physical adsorption, and finally entrapped into HPMC-AS (grade F) via microfluidic 
nanoprecipitation, forming CS-Fc-UnPSi@HF (Figure 13b). In publication III, insulin-loaded 
UnTHCPSi NPs were entrapped into lignin NPs via desolvation, and then surface 
functionalized with Fc, forming UnTHCPSi@LNPs-Fc (Figure 13c).

The different NP systems were extensively characterized by a variety of state-of-the-art
techniques for their physicochemical properties, pH responsiveness, drug loading and release. 
An in vitro cell culture model consisting of epithelial and mucus producing cells was studied for 
its resemblance to the intestinal microenvironment and FcRn expression. Subsequently, the 
NP cytocompatibility, cell–NP interactions and drug permeability across the intestinal model 
were investigated.

Figure 13. Schematic representation of the NPs developed in this study. a) Alb-UnPSi@HPMC: UnTHCPSi
NPs, surface functionalized with albumin, loaded with insulin, and entrapped into HPMC-HF via modified
emulsification-evaporation; b) CS-Fc-UnPSi@HF: GLP-1-loaded UnTHCPSi NPs, surface functionalized with Fc,
coated with chitosan (CS) by physical adsorption, and entrapped into HPMC-HF via microfluidic nanoprecipitation;
c) UnTHCPSi@LNPs-Fc: insulin-loaded UnTHCPSi NPs, entrapped into lignin NPs (LNPs) via desolvation, and
surface functionalized with Fc. In publications I and II, undecylenic acid-modified thermally hydrocarbonized PSi
was abbreviated as UnPSi, and in publication III, as UnTHCPSi. In publication I, hydroxypropyl methylcellulose
acetate succinate (F grade) was abbreviated as HPMC, and in publication II, as HF. Figures not to scale.
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5.1   Physicochemical characterization of the NPs 
Nanosized drug carriers have unique properties compared to their bulk counterparts, and their 
physicochemical properties greatly impact their behavior and interactions with biological 
interfaces. Indeed, properties such as size and surface area, material composition and 
morphology, as well as surface charge, chemistry and roughness play pivotal roles in the drug 
loading and release behavior from the NPs and, also importantly, their interactions with 
cells/tissues, internalization and safety.18,512 For this reason, the NPs produced in this study 
were developed according to carefully determined design aspects and their fabrication 
processes were suitably optimized.  

PSi NPs served as drug carriers in all three formulations due to their high loading capacity, 
biodegradability, biocompatibility and, also importantly, their capacity to load a variety of 
therapeutic compounds, such as proteins and peptides, among other advantages.413,513 In 
publications I and II, undecylenic acid-modified thermally hydrocarbonized PSi were 
abbreviated as UnPSi, and in publication III, as UnTHCPSi. These PSi NPs were prepared by 
a top-down approach, using an electrochemical anodization of +-type monocrystalline Si 
wafers into porous films, followed by surface modification for –COOH termination by 
undecylenic acid treatment, and milling, as previously reported.413,457 The physical properties 
(specific surface area, total pore volume and average pore diameter) of the PSi NPs were 
characterized by N2 sorption at −196 °C, and are shown in the Supporting Information of the 
respective publications. 
 
5.1.1. Size, PdI, ζ-potential and morphology 

DLS was used to investigate the size, PdI, and ζ-potential of the developed NPs. In publication 
I, the size of bare UnPSi NPs (162 ± 3 nm) showed an increase to 238 ± 6 nm upon 
functionalization by covalent conjugation with albumin (Figure 14a). This increase in the size 
was accompanied by an increase in the ζ-potential from −37 ± 1 mV to −12 ± 1 mV, suggesting 
the successful surface functionalization of the NPs with albumin (Figure 14b). As expected, 
the encapsulation of the Alb-UnPSi NPs into HPMC by nanoprecipitation, led to a marked 
increase in the size of the particles up to 375 ± 30 nm, and a decrease on the ζ-potential down 
to −33 mV. HPMC is an FDA approved polymer, and has been extensively used as an enteric 
coating due to its pH-dependent solubility.95 HPMC remains intact in the acidic conditions of 
the stomach, becoming deprotonated and subsequently dissolving at pH ≥ 6.5. The PdI values 
of bare and albumin functionalized NPs were, respectively, 0.10 ± 0.01 and 0.12 ± 0.02, 
whereas the final system (Alb-UnPSi@HPMC) presented a PdI of 0.41 ± 0.02, due to the 
presence of HPMC (Figure 14a). 

In publication II, the core PSi NPs showed an initial size of 194 ± 1 nm, which was gradually 
increased upon covalent conjugation with an Alexa Fluor® 488-conjugated Fc fragment (261 ± 
5 nm), coating with CS (499 ± 16 nm), and finally, encapsulation into HPMC (in publication II, 
abbreviated as HF) by microfluidic nanoprecipitation (603 ± 4 nm) (Figure 14a). The narrow 
size distribution of the NPs was maintained throughout the preparation steps (Figure 14a). 
The enhanced size distribution of the formulation after encapsulation with the HPMC-based 
matrices when compared to that of the NPs prepared in publication I can be attributed to the 
use of microfluidics for their preparation. Indeed, microfluidics allowed a precise control of the 
encapsulation conditions, which is otherwise unattainable by the use of bulk methods,310 
allowing thus the development of NPs with well-defined physicochemical characteristics in a 
reproducible manner. The variations observed in the ζ-potential followed the modifications on 
the surface of the NPs. The core UnPSi presented a ζ-potential of −33 ± 1 mV, as a result of 
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the negatively charged carboxylic groups present on the surface of the native PSi NPs (Figure 
14b). The Fc-UnPSi NPs presented a slight increase in the ζ-potential up to −27 mV, whereas 
the coating with chitosan induced a shift in the surface charge from highly negative to positive 
(+25 ± 1 mV), as expected (Figure 14b).457 Chitosan counteracts the repulsion faced by 
negatively charged particles when in contact with the also negatively charged mucin layer that 
lies over the intestinal epithelium, thereby prolonging the retention time of the NPs in the 
vicinities of the cells.514,515 The CS-Fc-UnPSi encapsulated into HF via microfluidics (CS-Fc-
UnPSi@HF) presented a virtually neutral ζ-potential (−2 mV) (Figure 14b).

The NP system developed in publication III was encapsulated into a lignin matrix consisting 
of a 70:30 ( ) ratio of carboxylated lignin and maleimide-terminated lignin. These two 
variants of lignin were prepared by chemical modification of the structure of native lignin. The 
carboxylation of lignin was performed as previously reported,27 and the modification with 
maleimide groups was optimized herein. The chemical reactions and the characterization of 
the final products are shown in detail in the respective publication. DLS analysis showed a size 
of 184 ± 6 nm for the core UnTHCPSi NPs, which, upon encapsulation into lignin, was 

Figure 14. Physicochemical characterization of the NPs developed in this study. a) Size, PdI and b) surface
charge of Alb-UnPSi@HPMC, CS-Fc-UnPSi@HF and UnTHCPSi@LNPs-Fc at different steps of preparation;
results are expressed as mean ± ( 3). c) TEM images of the final formulations; scale bars represent 200
nm.
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increased to 208 ± 2 nm (Figure 14a). When functionalizing these NPs with the Fc fragment 
of IgG, the final system (UnTHCPSi@LNPs-Fc) showed a size of 211 ± 1 nm (Figure 14a). 
Overall, the NPs presented a narrow size distribution throughout the preparation steps, with 
the final formulation presenting values of 0.14 ± 0.02. The core UnTHCPSi NPs and non-
functionalized UnTHCPSi@LNPs NPs presented a ζ-potential of −37 ± 1 mV and −50 ± 1 mV, 
respectively (Figure 14b). A slight increase was observed when the Fc was conjugated to the 
surface of the NPs (−41 ± 1 mV), which is proportionally consistent with that observed in 
publication II upon the addition of the Fc fragment to the formulation (Figure 14b). 

The HPMC capsule present in Alb-UnPSi@HPMC (I) and CS-Fc-UnPSi@HF (II) was 
expected to dissolve in the intestine, and therefore, the core NPs that were aimed at cellular 
internalization would be released from the capsules prior to their interactions with the cells. For 
this reason, it was crucial to ensure that the sizes of the core FcRn-targeted NPs would remain 
around 200 nm. This is an essential feature, since it will determine whether they can be 
internalized by the intestinal cells or not.516,517 UnTHCPSi@LNPs-Fc (III), in turn, were 
expected to be transcytosed in their intact form, dissolving only in the blood circulation and, for 
that reason, the final formulation (including the lignin matrices) could not exceed this size range 
either. Hence, according to the DLS characterization, the three formulations presented sizes 
that are suitable for uptake at the intestinal level.516,517 

The morphological characteristics of the NPs developed in this study were investigated by 
TEM imaging and EDX spectroscopy. TEM images showed that the irregular surface of PSi 
NPs becomes smooth and spherical upon encapsulation into the polymeric matrices (HPMC 
or lignin; Figure 14c). The conjugation of albumin or Fc either to the surface of the PSi (I or II, 
respectively) or to the surface of LNPs (III) did not induce any detectable morphological 
alterations on the NPs by TEM, as expected, since the targeting ligands are extremely small 
molecules. The EDX elemental composition analysis confirmed the successful entrapment of 
PSi NPs into the respective polymeric matrices, as shown by the appearance of a Si peak. The 
spectra of each NP system can be found in the respective publications. Overall, the DLS 
measurements, TEM images and EDX spectra confirmed the development of three different 
NP formulations with small sizes and narrow size distributions, successfully entrapped into pH-
responsive polymers. 

5.1.2. Surface modifications and elemental analysis 

The modifications taking place on the surface of the NPs upon covalent bonding with the 
targeting ligands, coatings and/or entrapment into the pH-sensitive polymers were further 
evaluated by ATR–FTIR spectroscopy at each step of preparation (Figure 15). In publication 
I, albumin was chemically conjugated to the surface of PSi NPs using carbodiimide crosslinker 
chemistry. Thus, the free amine groups of albumin were reacted with the activated carboxylic 
groups of UnPSi, forming amide bonds. The success of this reaction was supported both by 
the shift in the amide I band of Alb-UnPSi at 1647 cm−1, and by the attenuation of the carbonyl 
C O stretching of UnPSi at 1704 cm−1 (Figure 15a). Moreover, the presence of albumin in 
Alb-UnPSi NPs could also be confirmed by the appearance of the NH2 band at 1529 cm−1. 
The characteristic bands of HPMC appeared in the spectra upon encapsulation, further 
supporting the successful development of the formulation (Figure 15a). 

In publication II, the Fc fragments were conjugated to UnPSi NPs using the same chemical 
reaction. Similarly, the attenuation of the carbonyl C O stretching together with the formation 
of amides I (1641 cm-1) and II (1529 cm-1) suggested the successful functionalization of the 
NPs (Figure 15b). In this formulation, the physical adsorption with chitosan showed only 
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limited alterations in the NP surface, whereas the final formulation (CS-Fc-UnPSi@HF) 
showed a very similar spectrum to the one of the HF polymer alone (Figure 15b), which could
be ascribed to the successful entrapment of the NPs into the polymer.

In publication III, the Fc fragments were conjugated to the surface of UnTHCPSi@LNPs 
via maleimide-thiol chemistry. Here, the spectrum of UnTHCPSi became visibly changed after 
entrapment into LNPs, as expected by the addition of the polymer to the formulation (Figure 
15c). However, the link between maleimide and thiol is below 500 cm-1 in the IR spectra, which 
is below the spectra range cut-off, and therefore, not shown here. The presence of thiols in the 
spectrum of UnTHCPSi@LNPs-Fc could also be attempted to be identified at ca. 2550 cm-1, 
but these bands are generally weak and easy to overlook (not shown). In contrast, the 
alterations observed in the N–H stretch at ~3300 cm-1, as well as in the bands of amides I, II 
and III of the final formulation suggested an increase in the overall amount of amines (which 
are present in the Fc fragment), thereby supporting the successful conjugation of the targeting 
ligand to the NPs (Figure 15c).

The extent of the success of the surface functionalization in the different formulations was 
further evaluated by elemental analysis, a technique used to assess the quantity of a 
determined element within a formulation. Elemental analysis was performed before and after 
conjugation of albumin or Fc to the formulations, and the percentages of N, C and S were 
recorded (Table 4). In all three formulations, the fact that the N element appeared exclusively 
after functionalization with albumin or Fc (both of which contain primary amines in their 
structure), confirmed the presence of the targeting ligands in the formulation (Table 4). In Alb-
UnPSi NPs (I) and Fc-UnPSi NPs (II), the addition of albumin and Fc, respectively, also 
triggered an increase in the amount of the C element. In UnTHCPSi@LNPs-Fc (III), a marked 
increase in the C element was observed immediately upon encapsulation with lignin, and no 
significant changes were observed afterwards. Based on the chemical structure of albumin 

ʋ

amide I

ʋ

Figure 15. Chemical modifications taking place at the surface of developed NP formulations at different 
steps of preparation. ATR–FTIR spectra of a) UnPSi, Alb-UnPSi, and Alb-UnPSi@HPMC; b) UnPSi, Fc-UnPSi,
CS-Fc-UnPSi, and CS-Fc-UnPSi@HF; and c) UnTHCPSi, UnTHCPSi@LNPs and UnTHCPSi@LNPs-Fc.
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and the Fc region of IgG, Alb-UnPSi NPs contained ca. 1.120 ± 0.051 mg of albumin per 1 mg 
of UnPSi NPs; Fc-UnPSi NPs contained ca. 0.167 ± 0.009 mg of Fc per 1 mg of UnPSi NPs; 
and UnTHCPSi@LNPs-Fc contained ca. 0.052 ± 0.004 mg of Fc per 1 mg of 
UnTHCPSi@LNPs. 
 
Table 4. Elemental analysis determination of the mass percentage of N, C and S elements in the 
different NPs at different steps of preparation. 
 NP system N, % C, % S, % 

I 
UnPSi Nu 14.03 ± 2.40 Su 

Alb-UnPSi 1.80 ± 0.08 19.29 ± 1.40 Su 

     

II 
UnPSi Nu 15.65 ± 1.12 Su 

Fc-UnPSi 2.63 ± 0.15 23.53 ± 2.10 Su 

     

III 

UnTHCPSi Nu 13.11 ± 3.97 Su 

UnTHCPSi@LNPs Nu 41.39 ± 2.03 1.05 ± 0.05 

UnTHCPSi@LNPs-Fc 1.05 ± 0.06 41.76 ± 0.62 1.11 ± 0.03 

Abbreviations: Nu: N amount below the detection limit; Su: S amount below the detection limit. Results are expressed as 
mean ±  (  3). 

5.2   Fc fragment functionality and binding ability 
The conjugation of biologics to the surface of NPs has been shown to increase their half-
life.518,519 Moreover, there is a strong correlation between the integrity of a moiety and its 
biological activity. Therefore, both the functionality of the Fc fragment and its ability to bind to 
its receptors when conjugated to the surface of the NPs were evaluated by SPR (III) and ELISA 
(II). 
 
5.2.1. Affinity and pH-dependent binding 

SPR is a unique biosensing technique that allows the sensitive and label-free monitoring of 
molecular interactions. Here, the binding ability of free Fc fragments was studied by 
investigating their affinity towards protein A. Protein A contains five homologous antibody 
binding domains, having therefore high affinity for the Fc portion of IgG.511 For this purpose, 
Fc fragments at varying concentrations (0.1–100 μg/mL) were injected on a protein A-covered 
SPR sensor. Apart from the lowest Fc fragment concentration, all the samples caused 
immediate PAP responses (Figure 16a). Moreover, this effect was shown to occur in a 
concentration-dependent manner. Indeed, increased changes in the PAP were observed upon 
a gradual increase in the Fc concentration. A maximum shift of ca. 500 millidegrees was 
achieved for the highest Fc concentration (100 μg/mL). Also, the SPR response reached a 
plateau, i.e., a binding equilibrium, for the majority of concentrations. An equilibrium affinity (KD) 
of ca. 30 μM suggested the establishment of strong interactions between the two molecules. 

Protein A-based SPR studies are a reliable and robust manner of measuring protein 
binding ability and specificity, being also simpler than cell-based measurements. However, 
while Fc fragments bind protein A optimally at pH 8.2, their highest affinity towards the FcRn 
present in intestinal cells is reported to occur at pH 6.5.21 Hence, Fc fragments (10 μg/mL) 
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were dispersed in buffer solutions at pH 6.5, 7.4 and 8.2, and injected on gold-coated SPR 
sensors immobilized with protein A. Results showed that all samples induced a change in the 
PAP immediately after injection, showed high ability to bind protein A, and reached a binding 
equilibrium (Figure 16b). More importantly, no significant differences were observed on the 
intensity of the binding ability at different pH conditions.

5.2.2. Immunological assay

The capacity of the Fc fragments that were covalently conjugated to the surface of UnPSi NPs 
was analyzed by ELISA (II). For this purpose, Fc-UnPSi NPs were added to the human IgG-
specific-coated ELISA plate (ab100547) at several concentrations (25–250 μg/mL). Non-
functionalized UnPSi NPs were used as a control. Results showed increasing fluorescence 
values upon increasing FcRn-targeted NP concentrations, suggesting a concentration-
dependent binding of the Fc functionalized NPs to the antibody immobilized on the bottom of 
the wells (Figure 16c). Also importantly, non-functionalized NPs presented a lack of binding 
ability, which can be ascribed to the absence of the Fc fragment on their surface (Figure 16c). 
The minimal interactions observed for the non-functionalized NPs occurred regardless of their
concentration.

Altogether, the SPR and ELISA data supported the potential of the Fc fragment used in 
this study as a targeting ligand, as well as its biological activity and functionality, before and 
after being covalently conjugated to the surface of the NPs.

5.3   pH-Responsive behavior of the NPs
pH-Responsive NP formulations have an excellent potential for oral drug delivery applications, 
as they enhance the stability of the drug in the stomach and allow for a subsequent targeted
and/or controlled drug release.520 The dissolution behavior of the pH-responsive polymers 
used in the developed formulations were investigated by incubating the NPs with buffers at 
physiologically relevant pH conditions (pH 1.2–7.4). Samples were collected at time points 2–
30 min and analyzed by TEM microscopy (II, III) and DLS (III).

In publication II, the HPMC-based polymeric matrix present in CS-Fc-UnPSi@HF NPs 
remained intact throughout the experiment at pH 1.2, which mimics the stomach conditions
(Figure 17a). Visible alterations in the integrity of the polymeric matrix started to be observed
at mildly acid conditions (pH 5.5) immediately after 2 min of exposure (Figure 17a). Moreover, 
the HPMC capsule dissolved progressively over time when incubated at pH 5.5 and 7.4 

Figure 16. Fc fragment functionality and binding ability. Representative SPR PAP responses to the interaction
of a) different concentrations of Fc fragment (0.1–100 μg/mL) with protein A, and b) Fc fragment (10 μg/mL) with
protein A at different pH conditions (6.5, 7.4 and 8.2). c) ELISA detection of Fc-functionalized and non-functionalized
NPs captured by the antibody at the bottom of the wells. Results are expressed as mean ± ( 3).
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(Figure 17a), suggesting that the core CS-Fc-UnPSi NPs would have no difficulty in being 
released from the polymeric matrix and subsequently exposed to the intestinal cells.

In publication III, the dissolution studies of the lignin matrix present in UnTHCPSi@LNPs-
Fc showed that the NP systems remained intact, spherical and with a smooth surface when 
incubated at pH conditions varying from 1.2 to 6.5 (Figure 17b). These pH values mimic the 
variations that the NPs would face from the oral intake up to the upper intestine, where the 
majority of absorption occurs. Lignin started to disintegrate exclusively at pH 7.4, which mimics 
the pH of the blood circulation, as demonstrated by the emergence of the irregular surface of 
the core UnTHCPSi NPs (Figure 17b). Also interestingly, the dissolution of lignin at pH 7.4 
started to occur immediately after 2 min, which is in agreement with previous findings.521

Moreover, TEM images showed a complete lignin dissolution at this pH within 30 min (Figure 
17b), and consequently, a successful release of the core, drug-loaded NPs. These data were
further supported by DLS measurements, which can be found in the respective publication, 
together with the complete TEM characterization. 

Overall, these results demonstrated both the stimuli-responsive capacity of the pH-
sensitive polymers used in the development of the NP formulations, and their fine-tuned 
dissolution in predetermined pH conditions. The lignin-encapsulated NP system presented, 
however, an advantageous feature compared to those encapsulated into HPMC-based 
matrices, since the lignin capsule may protect the drugs all the way through the GIT and across 
the cells, releasing it solely in the blood circulation. HPMC-based coatings, in turn, exposed
the PSi NPs in pH conditions mimicking the intestinal lumen, allowing for a potential release of 
the loaded drugs to occur prior to internalization by the cells.

Figure 17. pH-Responsive behavior of the polymeric matrices. TEM images of a) HPMC dissolution profile in
CS-Fc-UnPSi@HF NPs and b) lignin dissolution profile in UnTHCPSi@LNPs-Fc after incubation with buffer
solutions at physiologically relevant pH conditions (pH 1.2–7.4); scale bars represent 200 nm.
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5.4   Drug loading and in vitro drug release studies 
The association efficiency (AE) and loading degree (LD) of the different formulations were 
assessed to determine the amount of drug associated to the NPs that could be released and 
exert a therapeutic effect. Here, insulin and GLP-1 were used as model anti-diabetic drugs and 
loaded into the respective NP systems by an immersion method.408,457 This was only possible 
due to the versatility of the core PSi NPs, whose capacity to be loaded with different payloads 
sheds a light on their potential to serve as drug carriers for drug molecules of different sizes, 
molecular structures and properties,432 and therefore, to be translated into a myriad of other 
oral drug delivery applications. 

Insulin is a centenary drug, ranking among the leading triumphs of medical discoveries.522 
The administration of exogenous insulin remains as the most effective way to manage diabetes, 
being therefore used in the treatment of both T1DM and T2DM. GLP-1, in turn, is an incretin 
hormone used for the treatment of T2DM.523 GLP-1 can promote insulin secretion after meals, 
stimulate neogenesis of pancreatic β cells and their proliferation.524 Both the AE and LD of Alb-
UnPSi@HPMC and CS-Fc-UnPSi@HF were calculated via the indirect method, whereas the 
AE and LD of UnTHCPSi@LNPs-Fc were calculated via the direct method, as previously 
described. The AE and LD of all the NP formulations are shown in Table 5.  

Table 5. AE and LD of the developed NPs. In publications I and II, the AE and LD were calculated via 
the indirect method, whereas in publication III they were calculated via the direct method. 
 NP system AE (%) LD (%) 

I Alb-UnPSi@HPMC 12.2 ± 2.0 0.7 ± 0.2 

    

II Fc-UnPSi@HF 30.0 ± 3.3 0.6 ± 0.1 

    

III UnTHCPSi@LNPs-Fc 7.2 ± 0.2 2.1 ± 0.1 

Abbreviations: AE: association efficiency; LD: loading degree. Results are expressed as mean ±  (  3). 
 
The in vitro release of insulin and GLP-1 from the NPs was investigated to evaluate the 

fate of the NPs in the GIT and, importantly, to study their drug release profiles (Figure 18). For 
this purpose, the different NP systems were successively incubated with buffers at varying pH 
values. The duration of the incubation in each buffer was determined according to the 
estimated residence time of the NPs through the different sections of the GIT, thereby 
mimicking their passage from oral intake to the intestine and/or blood circulation.95 To ensure 
that the structure of insulin and GLP-1 would not be compromised by the buffers used in 
publications I and II, respectively, and that any putative degradation would interfere with the 
interpretation of the in vitro release studies, both the drugs were analyzed by the UV–vis 
spectroscopy before and after prolonged incubation with the buffers. Overall, the maintenance 
of the concentration of the drugs over time, together with the characteristic absorbance peaks 
of the drugs at the end of the experiments suggested that the drugs were not affected by the 
incubation conditions. The UV–vis spectra of insulin and GLP-1 in the different buffers are 
shown in the Supporting Information of the respective publications. 

The release profiles of Alb-UnPSi@HPMC and CS-Fc-UnPSi@HF (both encapsulated into 
HPMC-based matrices) followed similar trends, with no drug being released at pH 1.2, but 
exclusively at higher pH values, similar to those observed in the upper intestine (Figure 18a, 
b). This effect can be attributed to the pH-responsive properties of HPMC, which degrades 
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only at intestinal pH. In contrast, both Alb-UnPSi and CS-Fc-UnPSi (not protected by the 
HPMC capsule and used as control) started to release insulin and GLP-1, respectively, 
immediately in the first 2 h of the experiment (Figure 18a, b). In a living organism, this effect
could lead to an unwanted exposure of the drugs to the harsh stomach environment, 
compromising their structure and therapeutic effect. For the same reason, the overall higher 
percentage of release observed at the end of the experiments for the NPs without pH-sensitive 
properties, particularly for Alb-UnPSi@HPMC, cannot be directly interpreted as an overall 
higher percentage of biologically active drug in an in vivo scenario. Also, the delayed release 
observed for the final formulations may contribute to the increased amount of active drug that 
will be released in the vicinity of the intestinal cells, as well as the drug that will be released 
from the NPs transported across the cells via FcRn-mediated transcytosis, thereby increasing 
the overall amount of drug that can reach the basolateral side of the intestinal cells. Altogether, 
the presence of a pH-sensitive HPMC capsule around the NPs allowed the preservation of the 
integrity of the drug molecules while enabling a finely tuned drug release.

In turn, the release profile of UnTHCPSi@LNPs-Fc followed a different trend, as envisaged 
by the use of lignin as pH-sensitive coating (Figure 18c). In this case, the LNPs prevented the 
premature release of insulin at pH 1.2 and 6.5, which mimicked the stomach and intestinal 
conditions, respectively. Thus, the NPs would be able to reach the intestine still intact and
interact with the cells for transcytosis. When the NPs were incubated at pH 7.4, insulin started 
being gradually released, reaching release values of ca. 60–70% (Figure 18c). Surprisingly, 
UnTHCPSi NPs alone showed an impaired release throughout the experiment, reaching only 
ca. 25% of release by the end of the study (Figure 18c). However, as mentioned above, the 
absence of a pH-sensitive matrix surrounding the core NPs, and consequently, the exposure 
of insulin in the open pores of the UnTHCPSi NPs to the harsh conditions of the GIT of a living 
organism (e.g., high enzymatic activity and pH variations) would compromise its structure, and 
therefore, therapeutic effect.

In all three formulations, the fact that not all drug associated to the NPs (insulin or GLP-1) 
was released can be ascribed to the hydrophobic interactions occurring between the drugs
and the pore surface of the PSi NPs, and the formation of a layer of protein or peptide that is 
irreversibly adsorbed onto the NPs, as it has been previously reported.398,456 Overall, these 
studies showed a successful loading and association of different drugs to the NPs, and the in 

Figure 18. Drug release profiles from developed NPs. Percentages of a) insulin released from Alb-
UnPSi@HPMC and non-encapsulated UnPSi NPs; b) GLP-1 released from CS-Fc-UnPSi@HF and non-
encapsulated UnPSi NPs; and c) insulin released from UnTHCPSi@LNPs-Fc and non-encapsulated UnTHCPSi
NPs. The experiments were conducted at 37 °C under magnetic stirring, with the particles dispersed in buffers at
different pH conditions. The percentages of drug released from encapsulated and non-encapsulated NPs were
compared at the same time points. Results are expressed as mean ± ( 3)



RESULTS AND DISCUSSION 

 

 67  
 

vitro release profiles confirmed the successful development of stimuli-responsive NP platforms, 
capable of simultaneously preserving the integrity of the drugs and of releasing them in a 
controlled manner. 
 
5.5   Validation of the in vitro cell culture model 
In vitro cell culture models are an indispensable tool for predicting drug absorption and 
transport rate across the cells at early stages of drug/formulation development.525 In vitro 
models of the intestinal epithelium mostly rely on the use of enterocyte-like- and mucus-
producing-like cells, and benefit from a particularly widespread popularity due to their 
robustness and reproducibility.526 In this study, the use of a suitable in vitro model was essential 
also for investigating the behavior of the NPs when in contact with the intestinal 
microenvironment and their ability to interact and being internalized by the cells.  

C2BBe1 (I) and Caco-2 (II, III) were used to resemble the enterocytes, both functionally 
and structurally, which represent the majority of the intestinal cells.526 Caco-2 cells derive from 
human colon carcinoma and, as an immortalized cell line, grow rapidly in culture to form 
confluent and differentiated monolayers, with microvillous structures, tight junctions, 
hydrolyzing enzymes and, also importantly, carrier-mediated transport systems.525 Firstly 
reported in 1992, C2BBe1 cells are a subclone of Caco-2 that, despite not being as widely 
used as the parental cells, represent a promising approach for the development of cell culture 
models.527 Indeed, C2BBe1 have the ability to form a more homogenous brush border than 
Caco-2, with excusive apical villi location, and thereby, morphologically more comparable to 
that of the human colon.528 HT29 is also a human colorectal adenocarcinoma cell line, 
representing the second most abundant cell type in the intestine.95 When grown in culture, 
HT29 cells are heterogeneous and consist of > 95% undifferentiated cells and a small portion 
of differentiated mucin-secreting and absorptive cells.529,530 However, when treated with 
methotrexate (MTX), HT29 cells have shown to exhibit a fully differentiated goblet cell-like and 
mucus-secreting phenotype.529 Therefore, HT29-MTX were chosen to represent the mucus-
producing cells in the in vitro cell culture models used herein (I–III). The functionality of these 
models and suitability for studying FcRn-targeted NPs was assessed both by the 
establishment of tight junctions and expression of FcRn by the intestinal cells. 

Immunostainings of the C2BBe1/HT29-MTX co-cultures grown for 21 days on Transwell® 
permeable supports (I) showed the presence of continuous and organized tight junctional 
molecules (ZO-1 and occludin) in the inter-epithelial cell contacts. Moreover, the monitoring of 
the TEER values over the culture period further supported the successful establishment of tight 
junctions in this model. TEER measurements can be performed in real-time without cell 
damage, and are an indicator of the ion conductance across the monolayers.531 Higher TEER 
values imply higher barrier integrity. Overall, C2BBe1/HT29-MTX co-cultures presented 
increasing TEER values over the first 13 days of culture, then stabilizing when the cells 
reached a confluent monolayer and strengthened their epithelial barrier function. Similarly, 
TEER measurements performed in Caco-2/HT29-MTX (II, III) suggested that these cells also 
successfully developed tight junctions, and that the integrity of the monolayers resembled that 
of the in vivo scenario. The confocal microscopy images of the tight junctions and the 
measured TEER values can be found in the respective publications. 
 
5.5.1   Characterization of the FcRn expression 

The validation of the different NP systems developed in this study depended on the specific 
expression of the FcRn by the cells of the intestinal epithelium. While Caco-2 have been 
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reported to endogenously express FcRn,210,532 to the best of our knowledge, no studies have 
investigated its expression in C2BBe1 cells. Similarly, HT29 cells were shown to express this 
receptor,190 but no studies have demonstrated whether HT29-MTX also express FcRn. For 
these reasons, in the present study, the FcRn expression was investigated in C2BBe1/HT29-
MTX by confocal microscopy and flow cytometry (I), in Caco-2/HT29-MTX co-cultures by 
confocal microscopy (II), and in Caco-2 and HT29-MTX mono- and co-cultures by Western 
blot (III). The results are shown in Figure 19.

Immunocytochemistry showed FcRn expression in the C2BBe1/HT29-MTX co-cultures 
grown for 21 days on Transwell® permeable supports by the appearance of the green 
fluorescence around cells exposed to Alexa Fluor® 488-conjugated Fc fragments (Figure 19a).
Moreover, flow cytometry analysis showed a number of positive events of 4.1 ± 0.8 % for the 
cells exposed to the Fc fragments (not shown), further supporting these data. Confocal 
microscopy studies on Caco-2/HT29-MTX co-cultures grown in similar conditions showed a
more intense yet heterogeneous FcRn immunofluorescence in the cell monolayers when 
compared to the C2BBe1-based model (Figure 19b). The heterogeneity of FcRn expression 
has been recently described in Caco-2 monocultures, with the cells showing a similar FcRn 
expression pattern.532 Hence, these in vitro models were proven to efficiently express FcRn.

The FcRn expression on Caco-2-based in vitro models was further explored by Western 
blot (Figure 19c). For this purpose, HepG2, a human liver hepatocellular carcinoma cell line
known for expressing the FcRn was used as positive control.508 A preliminary test using cell 
monocultures grown for 7 days showed the presence of a 42-kDa band in both Caco-2 and 
HepG2 cells, which is consistent with the molecular weight of the FcRn heavy chain (Figure 
19c). Moreover, little or no FcRn expression could be detected in HT29-MTX cells. Such 
findings, together with the intricate process of growing HT29-MTX monocultures over long 
periods of time while maintaining the cells intact and attached to the substrates, the following 
characterization studies of the FcRn expression were carried out only in Caco-2 monocultures 
and Caco-2/HT29-MTX co-cultures. For this purpose, lysates from cells grown on Transwell®
permeable supports over 7, 14 and 21 days were prepared and probed with human FcRn, 

Figure 19. Characterization of the FcRn expression in different in vitro cell culture models. Confocal imaging
microscopy of fixed a) C2BBe1/HT29-MTX and b) Caco-2/HT29-MTX co-cultures grown for 21 days in Transwell®
permeable supports after incubation with Alexa Fluor® 488-conjugated Fc fragments (3.96 μg/mL) for 3 h at 37 °C,
in humidified atmosphere; FcRn was stained with Fc fragment (in green) and nuclei with DAPI (in blue); co-cultures
that were not treated with Fc fragment were used as control; scale bars represent 50 μm. c) Western blot shows
lysates of HepG2 (positive control), Caco-2 and HT29-MTX cells cultured for 7 days in 6-well plates, probed with
human FcRn, followed by HRP-conjugated anti-mouse IgG secondary antibody (upper panel); and lysates of Caco-
2 monocultures and Caco-2/HT29-MTX co-cultures grown for 7, 14 and 21 days in 6-well Transwell® permeable
supports, probed with the same antibodies (lower panel); anti-α-Tubulin was used for loading control.
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followed by HRP-conjugated anti-mouse IgG secondary antibody. Western blot results showed 
that the 42-kDa band was present in Caco-2 monocultures immediately after 7 days of culture 
(Figure 19c). Moreover, these results suggested that there was an increase in the FcRn 
expression over time, up to day 21 of culture. Caco-2/HT29-MTX co-cultures presented a 
similar pattern of FcRn expression. The receptor was found to be expressed by the cells at 
every time point tested, and this expression was increased over the culture period (Figure 
19c). This effect could be ascribed to the fact that the cells are still growing over the first 7 
days of culture, not having formed a confluent and fully differentiated monolayer yet, whereas 
at day 14, and consequently, at day 21, the cell monolayer mimicking the intestinal wall is fully 
formed. Hence, as cells proliferated and differentiated over time to form a confluent and 
polarized monolayer, the FcRn expression also increased. The loading control (α-Tubulin) 
proved that the differences in FcRn expression did not occur due to loading inconsistencies or 
the lack of protein in the lanes (Figure 19c). 

Altogether, the immunocytochemistry and Western blot data supported the suitability of 
these in vitro models for the evaluation of the behavior of the NPs when in contact with the 
intestinal microenvironment. Specifically, these models were shown to be adequate for 
studying the FcRn-mediated cellular interactions and transcytosis of the developed NPs. 
 
5.6   Cytocompatibility studies 
Since the different NP systems developed in these studies were expected to interact with the 
intestinal cells for possible receptor-mediated transcytosis, it was important to evaluate 
whether any of the materials/compounds in their composition induced cellular toxicity. The 
cytotoxicity of the NPs was thus investigated using an ATP-based luminescence assay by the 
quantification of metabolically active cells.533 C2BBe1 (I), Caco-2 cells (II, III) and HT29-MTX 
(I–III) cell lines (in mono- and/or co-culture) were exposed to the NPs at all the steps of 
preparation, for periods of time ranging from 6–24 h, and using different NP concentrations, in 
order to investigate any putative concentration-dependent toxicity, as well as the highest safe 
concentration that could be tested in further in vitro experiments. 

The percentages of viable cells upon 24 h of exposure to varying concentrations of the 
different NP formulations at different stages of preparation are presented in Figure 20. Alb-
UnPSi@HPMC NPs showed cell viabilities higher than 80% when in contact with C2BBe1 cells, 
suggesting good cytocompatibility of the nanosystem when used at concentrations up to 200 
μg/mL (Figure 20a). This represented a markedly enhanced cytocompatibility when comparing 
to the bare UnPSi NPs, which showed an increased toxicity upon increased particle 
concentration. When incubated with HT29-MTX cells, Alb-UnPSi@HPMC NPs also induced a 
concentration-dependent toxicity. Nonetheless, with the exception of the highest concentration 
tested (200 μg/mL), the cytocompatibility levels remained above 80% (Figure 20a). The 
cytocompatibility of this formulation was further investigated in C2BBe1/HT29-MTX co-cultures. 
The results and detailed discussion can be found in the respective publication. 

When studying the cytocompatibility of CS-Fc-UnPSi@HF NPs at different steps of 
preparation, the core UnPSi and Fc-UnPSi NPs induced toxicity events in both Caco-2 and 
HT29-MTX cell lines at concentrations equal to and greater than 100 μg/mL (Figure 20b). This 
effect can be explained by their irregular shape, inherent hydrophobic nature, and subsequent 
hydrophobic interactions established between the NPs and the cell membranes.533 
Nonetheless, cell viabilities remained close to 80% (Figure 20b). The coating with chitosan 
induced an improvement in the cytocompatibility, with the levels of toxicity presenting a 
significant difference (**  < 0.01) only for the highest NP concentration in Caco-2 (600 μg/mL), 
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and for the two highest concentrations in HT29-MTX (300 and 600 μg/mL). Again, the overall 
cell viability values were maintained close to 80% (Figure 20b). More importantly, no 
significant cytotoxicity values were observed when exposing the Caco-2 cells to the final 
nanosystem (CS-Fc-UnPSi@HF). HT29-MTX showed a slightly negative response to the 
highest NP concentration (600 μg/mL), yet with cell viabilities of ca. 86% (Figure 20b).

Finally, when incubating UnTHCPSi, UnTHCPSi@LNPs and UnTHCPSi@LNPs-Fc with 
Caco-2 cells, only mild levels of toxicity were observed, with an increase in the toxicity 
proportional to the increase in the NP concentration (Figure 20c). Cell viabilities were, however, 

Figure 20. Cytocompatibility of the different NP formulations. Cell viability values (%) of different intestinal cells
when exposed to a) Alb-UnPSi@HPMC, b) CS-Fc-UnPSi@HF and c) UnTHCPSi@LNPs-Fc at different steps of 
preparation, assessed by CellTiter-Glo® luminescence assay. The ATP content of C2BBe1, Caco-2 and HT29-MTX
was investigated after 24 h of incubation with the NPs at different concentrations. Cells exposed to incubation buffer
were used as negative control. The incubations were conducted at 37 °C and 5% CO2. Two-way ANOVA followed
by the Bonferroni post hoc test was used for the statistical analysis of the measured values. Each data set was 
compared to the negative control. The level of significant differences was set at probabilities of * < 0.05, ** <
0.01, *** < 0.001 and **** < 0.0001. Results are expressed as mean ( ≥ 3).
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always ≥ 84 %, even when testing the highest NP concentration (400 μg/mL). When incubated 
with HT29-MTX cells, the NPs at different steps of preparation did not induce toxicity for 
concentrations up to 200 μg/mL. By contrast, the highest NP concentration showed signs of 
toxicity in this cell line, presenting a significant difference (****  < 0.0001) when compared to 
the respective controls (Figure 20c). The compatibility of this formulation with the intestinal 
cells was further investigated in a Caco-2/HT29-MTX co-culture model. The results and 
detailed discussion can be found in the respective publication. 

Overall, slightly higher levels of toxicity were observed in some of the formulations for the 
highest concentrations tested in HT29-MTX cells. However, these cells constitute a very small 
portion of the epithelium, and therefore, minimal toxicity effects are expected to be induced in 
the cells even if using these concentrations in future experiments. Altogether, the toxicity data 
showed that the final formulations and the materials included in their preparation are, for the 
most part, highly compatible with the intestinal cells for the tested concentrations, and periods 
of incubation up to 24 h. 
 
5.7   FcRn-mediated cell–nanoparticle interactions 
The transport of the different NP systems via FcRn-mediated transcytosis depends on the 
successful interactions of the NPs with the intestinal cells. In this study, the specificity of these 
interactions was evaluated by confocal microscopy (I, II), flow cytometry (I) and SPR (III), as 
shown in Figure 21. 

In publication I, C2BBe1/HT29-MTX co-cultures were exposed to the NPs with and without 
albumin. Confocal microscopy images showed minimal interactions between the 
UnPSi@HPMC NPs and C2BBe1/HT29-MTX co-cultures in the absence of albumin. 
Conversely, albumin-functionalized NPs showed a higher rate of interaction with the cells, 
suggesting the specific interaction of the particles with FcRn (Figure 21a). These interactions 
were further investigated in each cell type individually, by exposure of C2BBe1 and HT29-MTX 
monocultures to the NPs. A similar pattern of interaction was observed in C2BBe1, whereas 
HT29-MTX showed a smaller difference in the interactions between the functionalized and 
non-functionalized NPs. On one hand, the HT29-MTX cells have little or no FcRn expression. 
On the other hand, the presence of mucus on the surface of the cells may increase the 
electrostatic interactions with the NPs, regardless of the presence of albumin. Confocal 
microscopy images of C2BBe1 and HT29-MTX monocultures exposed to the different 
formulations can be found in the Supporting Information of publication I. Furthermore, flow 
cytometry analysis of C2BBe1/HT29-MTX co-cultures exposed to the targeted and non-
targeted NPs showed a clear shift of the peak in the histogram of Alb-UnPSi@HPMC NPs 
(median fluorescence intensity [MFI] = 637 ± 38) when compared to the non-functionalized 
counterpart (MFI = 180 ± 36). The flow cytometry histograms of C2BBe1/HT29-MTX co-
cultures after incubation with UnPSi@HPMC and Alb-UnPSi@HPMC NPs can be found in 
publication I. These results are in agreement with the confocal data and support the role of 
albumin in increasing the interactions with the FcRn-expressing cells. 

In publication II, Caco-2/HT29-MTX co-cultures were exposed to Fc-functionalized NPs at 
different steps of preparation. Non-targeted NPs were used as control. Confocal microscopy 
images showed minimal cell–NP interactions when the cells were exposed to non-targeted 
NPs (Figure 21b). By contrast, the addition of Fc to the formulation markedly increased the 
ability of the NPs to interact with the cells, once again highlighting the role of the targeting 
ligand in the NP formulations (Figure 21b). The coating of the NPs with chitosan further 
potentiated these interactions, which could be ascribed to the strong adhesion properties of 
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chitosan to the surface of the cells.534-536 In this case, CS-Fc-UnPSi NPs showed to be more 
aggregated (Figure 21b), which is in agreement with the slightly increased PdI observed in 
the DLS measurements for the NPs at this step of preparation. Nonetheless, this aggregation 
was overcome by entrapping the NPs into the HPMC-based polymeric matrices. The high 
levels of interactions between the final formulation (CS-Fc-UnPSi@HF) and the cells were 
however maintained (Figure 21b), reinforcing the role of the Fc fragments in increasing the 
specific interactions of the NPs with the intestinal cells.

In publication III, the binding ability of the FcRn-targeted UnTHCPSi@LNPs-Fc was 
investigated by SPR using Caco-2 monocultures. Non-targeted UnTHCPSi@LNPs were used 
as a control. In this particular experimental set-up, the culturing of Caco-2 cells over 21 days 
showed to result in cellular detachment from the gold-coated SPR sensors, and therefore, in a 
reduced cellular survival rate (data not shown). Since the Caco-2 cells were shown to be fully 
confluent over the sensors already at day 14 of culture, and considering that the FcRn was 
already expressed at high levels at this day of culture (as shown by the Western blot data),

Figure 21. FcRn-mediated cell−NP interactions. Confocal fluorescence microscopy of a) C2BBe1/HT29-MTX
and b) Caco-2/HT29-MTX cocultures after incubation for 3 h at 37 °C with Alb-UnPSi@HPMC and CS-Fc-
UnPSi@HF, respectively, at different steps of preparation; CellMask™ Deep Red was used to stain the cell
membranes (in red); the NPs were labeled with Alexa Fluor® 488 or Alexa Fluor® 488-conjugated Fc fragment (in
green). c) Representative SPR PAP responses to UnTHCPSi@LNPs and UnTHCPSi@LNPs-Fc with Caco-2 cells;
results are expressed as mean ± ( = 3); one-way ANOVA was used for the statistical analysis of the values
measured at the last time point, followed by the Bonferroni post hoc test; the level of significant differences was set
at the probability of * < 0.05.

*
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this experiment was conducted using Caco-2 cells immobilized on gold-coated SPR sensors 
for 14 days. Upon injection, both targeted and non-targeted NPs induced immediate PAP 
responses (Figure 21c). Whereas the occurrence of non-specific interactions was observed 
between UnTHCPSi@LNPs and the cells, the FcRn-targeted UnTHCPSi@LNPs-Fc showed 
higher binding ability towards the FcRn-expressing cells (Figure 21c). This effect was 
observed throughout the entire experiment. Moreover, no decrease in the SPR signal was 
detected even after the sample injections were stopped, nor when the system was flushed with 
buffer, further supporting the observed strength of these interactions. At the end of the 
experiment, the binding ability of UnTHCPSi@LNPs-Fc was significantly higher (*  < 0.05) 
than that of the non-functionalized counterparts (Figure 21c). Results showed thus a 
noticeable difference between UnTHCPSi@LNPs and UnTHCPSi@LNPs-Fc, with the FcRn-
targeted NPs presenting the higher binding ability towards the cells. 

Altogether, these data showed higher levels of interactions between the NPs and the FcRn-
expressing cells upon the presence of albumin or Fc in the surface of the formulations, 
suggesting specificity towards this receptor, and its potential as a functional pathway for 
increasing the intestinal permeation of drug-loaded NPs.  
 
5.8   Drug permeability across in vitro cell culture models 
To reach the blood circulation and subsequently impart a therapeutic effect, anti-diabetic drugs 
aimed at oral administration must migrate from the apical to the basolateral side of the intestinal 
epithelium. Therefore, the permeability of insulin and GLP-1 loaded into the developed NPs 
was investigated across FcRn-expressing intestinal cell monolayers. As previously 
demonstrated by the immunostainings (I, II), TEER measurements (I–III) and Western blot 
studies (III), the C2BBe1/HT29-MTX and the Caco-2/HT29-MTX co-culture models resembled 
the most important features of the intestinal epithelium and expressed FcRn, being therefore 
used as in vitro models of the intestine in these experiments. The co-cultures were grown in 
Transwell® permeable supports over 21 days, to allow for the formation of a polarized and fully 
differentiated cell monolayer.526 To better mimic the conditions of the different sides of the 
intestine, slightly acidic and slightly alkaline pH buffers were used in the apical and basolateral 
compartments of the Transwell®, respectively. 

In publications I and II, the NPs were entrapped into HPMC-based polymeric matrices, 
which were expected to dissolve at the intestinal pH, exposing the core, drug-loaded FcRn-
targeted PSi particles. These core NPs were then expected to bind FcRn in the apical surface 
of the absorptive epithelial cells, being then transported across the cells through the FcRn 
transcytotic pathway, and finally exocytosed in the basolateral compartment, where a slightly 
alkaline pH could be found.233 In publication III, the NPs were entrapped into lignin-based 
matrices, which were optimized to remain intact also at the intestinal conditions (pH 6.5), and 
thereby, to interact with the cells and being transcytosed still in their initial form. This feature 
was envisaged to prevent any putative release of the loaded drugs prior to internalization by 
the cells. When reaching the pH of the blood circulation, the lignin capsule would dissolve, and 
allow for the drug to be gradually released, as shown by the in vitro drug release studies. 

In publication I, results of the cumulative permeability showed that the permeation of free 
insulin across C2BBe1/HT29-MTX monolayers was highly limited, which can be attributed to 
the presence of the tight junctions and the mucus layer (Figure 22a).537 A slight increase in 
permeation of insulin was observed when the drug was loaded into non-targeted PSi NPs 
(UnPSi@HPMC NPs), which can be ascribed to the use of UnPSi NPs as drug carrier.439 More 
importantly, a ca. 5-fold increase (****  < 0.0001) in the insulin permeation was observed when 
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the drug was loaded into the FcRn-targeted Alb-UnPSi@HPMC NPs as compared to their non-
targeted counterparts (UnPSi@HPMC NPs) or free insulin (Figure 22a). Indeed, the use of 
albumin as a targeting ligand induced an increase in the transport of insulin across the 
intestinal cells, which could be explained by a synergistic effect between three main factors: (i) 
the ca. 25 mV increase in the NP surface charge upon functionalization with albumin may 
improve the mucoadhesion and prolong the cell–NP contact time; (ii) a partial drug release 
may occur in the vicinities of the cells; and (iii) FcRn transcytosis of the drug-loaded NPs. The 
fact that the amount of insulin that crossed the cell monolayers did not increase after the first 
15 min may be explained by the amount of drug that can be released from the NPs and/or the 
concentration of the NPs that can be used for this experiment, due to the limited area of the 
Transwell® and the highest safe concentration that could be tested in vitro. Moreover, to the 
best of our knowledge, the duration of a cycle of FcRn transcytosis has not been previously 
reported, and therefore, it is not clear whether the receptor could keep promoting the transport 
of NPs within the time points tested. The significance of these data was supported by the 
monitoring of the TEER values over the duration of the experiment, which suggested the 
maintenance of the integrity of the monolayer (Figure 22a).  

In publication II, results showed a non-significant variation in the cumulative permeability 
of free GLP-1 and non-targeted CS-UnPSi@HF NPs across Caco-2/HT29-MTX co-cultures 
(Figure 22b). In both cases, GLP-1 permeation was increased over the first 15 min, then 
remained stable throughout the rest of the experiment. By contrast, the trend of GLP-1 
permeation that was loaded into CS-Fc-UnPSi@HF NPs depicted a significant increase (****  
< 0.0001) in the cumulative permeability of the drug when compared to that of the non-targeted 
NPs or free drug (Figure 22b). Also, the permeation of GLP-1 loaded into the FcRn-targeted 
NPs across the monolayers was shown to increase over time, further supporting the role 
played by the Fc fragment in improving the absorption of the drug at the intestinal 
microenvironment (Figure 22b). TEM images of the Caco-2/HT29-MTX monolayers after 
being exposed to the different samples for 3 h showed the intact morphology of the cells when 
incubated with free drug, and the CS-UnPSi@HF NPs in the close vicinities of the cells, but 
with no signs of being internalized (Figure 22b, white dashed lines). In turn, the FcRn-targeted 
CS-Fc-UnPSi@HF NPs were found to be in close contact with the brush borders of the cells, 
and importantly, to be entrapped into vesicles and transported across the cells (Figure 22b, 
red dashed lines), supporting the success of the FcRn-targeting for increasing the absorption 
of drug-loaded NPs. 

In publication III, the cumulative permeability results across Caco-2/HT29-MTX co-cultures 
showed an increase in the insulin permeation immediately after 15 min of incubation, followed 
by a gradual increase throughout the experiment for all the samples tested (Figure 22c). 
Nonetheless, the permeation of insulin that was loaded into FcRn-targeted UnTHCPSi@LNPs-
Fc was higher than that of the non-targeted NPs (both UnTHCPSi@LNPs and UnTHCPSi NPs 
alone; Figure 22b), presenting a statistically significant difference (****  < 0.0001) at the end 
of the experiment. As discussed above, the use of PSi NPs as drug carrier may have promoted 
the levels of insulin permeation observed for the non-targeted NPs.439 These findings are also 
in agreement with the pattern of cellular interactions observed in the SPR studies (Figure 21c). 
At the end of the incubation period, the  of insulin loaded into UnTHCPSi@LNPs-Fc were 
ca. 2.37 × 10-6 cm/s, whereas the  of insulin loaded into UnTHCPSi@LNPs and UnTHCPSi 
NPs were ca. 1.66 × 10-6 cm/s (**  < 0.01), and ca. 1.01 × 10-6 cm/s (****  < 0.0001), 
respectively. TEM images of the monolayers at the end of the experiments showed UnTHCPSi 
and UnTHCPSi@LNPs in the close vicinities of the cells, amidst the microvilli, but with no signs 
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Figure 22. In vitro permeability studies of insulin and GLP-1 across intestinal co-culture models grown for 
21 days in Transwell® permeable supports. a) Cumulative permeability of insulin across C2BBe1/HT29-MTX co-
cultures after incubation with free insulin and insulin-loaded UnPSi@HPMC and Alb-UnPSi@HPMC NPs; TEER 
measurements during the permeability test at different time points. b) Cumulative permeability of GLP-1 across 
Caco-2/HT29-MTX co-cultures after incubation with free GLP-1 and GLP-1-loaded CS-UnPSi@HF and CS-Fc-
UnPSi@HF NPs; TEM images of the monolayers after the permeability studies. c) Cumulative permeability of insulin 
across Caco-2/HT29-MTX co-cultures after incubation with insulin-loaded UnTHCPSi, UnTHCPSi@LNPs and 
UnTHCPSi@LNPs-Fc; TEM images of the monolayers after the permeability studies. All experiments were 
conducted from the apical to the basolateral direction in HBSS–HEPES buffer at 37 °C. The level of significant 
differences was set at probabilities of * < 0.05, ** < 0.01, *** < 0.001 and **** < 0.0001. Results are expressed 
as mean ( ≥ 3). Scale bars on the TEM images represent 1 μm. 
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of internalization (Figure 22c, white dashed lines). By contrast, UnTHCPSi@LNPs-Fc showed 
not only to be internalized at the apical compartment, but also to be transported across the 
cells and released in the basolateral side (Figure 22c, red dashed lines), further explaining the 
increased insulin permeation detected for the targeted nanosystem.  

Overall, the addition of albumin or Fc as targeting ligands on the surface of the NPs 
revealed to increase the amount of insulin or GLP-1 that permeates the co-culture cell models 
used in this study. These data support thus the successful development of different NP 
formulations for oral anti-diabetic drug delivery, as well as the potential of FcRn-based 
transcytotic mechanisms in increasing their transport across the intestinal epithelium. 
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6   Conclusions 

Nanomedicine is an ever-growing field that brings biology and advanced technologies together 
to provide solutions for the shortcomings of conventional therapies. Over the years, 
nanomedicine has steadily revolutionized the clinical landscape, with over 50 nanotechnology-
based products being already on the market, and an estimated 100 more under current clinical 
trials. As the body of fundamental knowledge increases, the likelihood of additional and 
innovative products reaching the market also increases. The use of NPs, in particular, has 
opened up new avenues in the nanomedicine-based treatment and diagnosis of a variety of 
pathological conditions. In line with this, NPs are ever more relevant also for the future of DM 
management. An extensive body of evidence shows that NPs can be developed under precise 
control of their properties to load anti-diabetic drugs, surpass the multiple barriers of the GIT 
and, ultimately, deliver drugs in a finely tuned manner. The possibility to create advanced drug 
delivery systems at the nanoscale holds thus the potential to provide diabetic patients with a 
non-invasive, easy-to-use, effective and affordable alternative to their painful and distressing 
injections. However, for the time being, the effective formulation and delivery of anti-diabetic 
drugs via the oral route remains yet to be widely achieved. 

In this study, three different NP formulations were designed and developed for oral protein 
and peptide delivery. Considering the unprecedented advantages shown in previous studies, 
the core of these formulations was composed of PSi NPs. These particles served as drug 
carriers for insulin and GLP-1, which, in turn, served as model anti-diabetic drugs. The 
formulations were rendered with a pH-responsive capacity by the entrapment of the core PSi 
NPs into pH-sensitive polymeric matrices (HPMC and lignin). HPMC is an FDA-approved 
polymer, vastly used in pharmaceutical research, whereas lignin was chemically modified 
towards a suitable pH-sensitive dissolution profile. These stimuli-responsive matrices were 
formulated by different techniques: modified emulsification-evaporation, glass capillary 
microfluidics and desolvation. Each technique allowed the individual entrapment of the core, 
drug-loaded NPs, however, with different degrees of efficiency and reproducibility. Albumin 
and the Fc fragment of IgG were used as targeting ligands for the FcRn, and therefore, the 
underexplored capacity of this receptor for the transcytosis of drug-loaded NPs across the 
intestinal epithelium was investigated. 

The characterization of the different formulations showed that the NP systems had a small 
size and narrow size distribution, suitable for cellular internalization and translocation. A 
ratiometrically controlled drug loading was achieved, and the entrapment of the core PSi NPs 
into pH-sensitive matrices showed to be ideal for protecting the drugs from premature release 
and degradation in the stomach, while enabling their sustained and stimuli-responsive release. 
Affinity and binding ability assays validated the functionality of the Fc fragment and its 
biological activity after conjugation to the surface of the NPs. 

The in vitro cell culture models used herein showed to resemble the most important 
features of the intestinal epithelium and to express FcRn, confirming their suitability for 
investigating the behavior of the nanosystems when in the intestinal microenvironment. 
Cytotoxicity studies were essential to demonstrate the high compatibility of the developed NPs 
with intestinal cells, as well as to predict their concentration-dependent safety, which is of 
relevance for later stages of formulation development. The screening of the different 
formulations in the in vitro cell culture models showed that FcRn-targeted NPs display higher 
binding ability and increased interactions with the intestinal cells over their non-targeted 
counterparts. Moreover, targeted nanosystems significantly increased insulin and GLP-1 
permeation across the cell monolayers as a result of FcRn transcytosis. 
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Overall, the PSi NPs showed to be a suitable drug carrier, and the pH-sensitive polymeric 
matrices showed to adequately fit the demands of drug delivery systems aimed at oral 
administration. The surface functionalization of the NPs with albumin and Fc played a crucial 
role in potentiating the success of the NPs, whose ability to cross the intestinal epithelium is, 
otherwise, highly limited. Additionally, the versatility of the core PSi NPs sheds a light on the 
potential use of these nanocarriers for the oral delivery of other drugs or drug combinations, 
and consequently, to be explored for a variety of other therapeutic purposes. Nonetheless, in 
vivo studies will be crucial to determine the success of the developed NPs after oral 
administration in a living organism. Since the expression of FcRn in rodents decreases 
immediately after weaning, such studies will require the use of a transgenic mouse model, 
which has been recently reported in the literature, and that expresses human FcRn. This model 
requires the simultaneous deletion of the mouse FcRn expression, to avoid the influence of 
any putative endogenous expression of the receptor when administering the NPs. More 
interestingly, any increase in the permeation of drugs observed in in vitro or in vivo contexts 
might be significantly enhanced in humans, who constitutively express FcRn in the intestinal 
epithelium throughout adulthood.  

In conclusion, the present work provides new insights in the study of FcRn-targeted 
therapies. The advanced NP systems engineered herein showed great potential as 
multifunctional platforms for efficient oral drug delivery, while fostering the discussion on the 
emerging opportunities to reformulate the glucose-lowering interventions currently used in the 
management of diabetes. 
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